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Abstract
Excellent combinations of ductility and strength have been reported in Mg - Zn -RE
alloys compared to other magnesium alloys. The current work has focussed on under-
standing the links between processing, microstructure and mechanical properties in
wrought Mg - x Zn - yRE (x = 2.5 and 5wt.%, y = 0 and 1wt.%, RE=Gd and Y) al-
loys. Billets of the alloys were extruded, the tensile mechanical properties measured,
the microstructures examined and the recrystallisation kinetics compared. Diﬀer-
ences were observed between the alloys containing rare earth elements and those
without them.
The ﬁrst area of investigation focussed on the extruded alloy mechanical properties.
It was found that increasing the zinc concentration in the Mg - Zn alloys produces an
increase in the strength and ductility. In the Mg - Zn -RE alloys, however, increasing
zinc results in a decrease in strength and an increase in ductility. Increasing the
extrusion temperature lowers the yield strength of the Z5-based Mg - Zn -RE alloys,
but does not aﬀect the yield strength of the binary or Z2-based Mg - Zn -RE alloys.
Adding rare earth to the Mg - Zn alloys results in an increase in the yield strength and
a reduced ductility. Two additional Mg - Zn -RE alloy compositions taken directly
from the literature were also tested, and these compared to the six alloys selected
for the current work. It was found the mechanical properties of the two additional
alloys were comparable to those of the main six alloys when extruded under the
same conditions.
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The microstructures were examined next and it was found that an increase in zinc
does not change the grain size in the Mg - Zn alloys, but increases it in the Mg - Zn -
RE alloys. Rare earth additions resulted in a reduction of the recrystallised fraction,
but increasing the zinc concentration raised it again. Microstructural contributions
to the yield strength came primarily from texture, solid solution strengtheing and
work hardening in unrecrystallised regions The strong ﬁbre texture also played a
role, with minor strengthening arising from the presence of particles. Grain size
eﬀects on the yield strength appear to be less signiﬁcant.
In comparing the recrystallisation behaviours of the alloys it was found that due
to the presence of particles in the rare earth containing alloys the recrystallisation
process is retarded. Solute drag from the rare earth elements is also believed to
be involved in retarding recrystallisation. The retarding of recrystallisation results
in higher compression steady state stresses and a reduced recrystallised grain size.
Coarsening of the particles with increasing zinc concentration diminished the retard-
ing eﬀect. A decrease in the recrystallisation rate - and by extension the recovery
rate in unrecrystallised grains - correlated with an increase in tensile yield strength
and a decrease in ductility.
It was the alloys with the Z2-based rare earth alloys with the intermediate alloying
content that had the slowest recrystallisation rates. This resulted in microstructures
producing the highest yield strengths, but with the lowest ductilities. The high
strength came primarily from the texture and solid solution strengthening with a
contribution from the reﬁned recrystallised grain size, but was also assisted by the
strong ﬁbre texture of the unrecrystallised grains.
It was concluded that changes in the mechanical properties in the alloys were primar-
ily due to changes in the recrystallisation behaviour. Adding rare earth elements to
Mg - Zn retarded recrystallisation while increasing the zinc content accelerated it.
The retarding of recrystallisation resulted in a lower percentage of the microstruc-
ture recrystallising and ﬁner recrystallised grains. Grain size was found to have a
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minor eﬀect on yield strength and it was proposed that a signiﬁcant contribution to
the yield strength came from changes in the solute rare earth element concentration.
Retarded recrystallisation and increasing solute rare earth content resulted in higher
yield strengths and reduced ductility.
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Chapter 1
Magnesium - Material for a lighter
future
Planes, trains and automobiles. Today’s society is underpinned by transportation.
Whether it is for travelling from point A to point B, the transportation of goods
and food or just for recreation, our society is reliant on eﬃcient, eﬀective and safe
forms of moving people and supplies from one place to the other.
With the need for safe vehicles comes increasing demands from governments and
consumers for the vehicle manufacturing industries to improve safety [1]. Consumers
also desire more gadgets and toys to improve their driving experience. As more
components are added to the vehicle to meet these demands there is an increase in
weight. This in turn leads to lower fuel eﬃciency and higher fuel consumption.
At the same time, there is increasing concern in the global community over the im-
pact of human activity on the environment. Of particular concern are the changes
that have been measured in the environment as a consequence of humanity’s addic-
tion to hydrocarbons and carbon as an energy source [2, 3]. Reductions in vehicle
fuel eﬃciency through increased vehicle weight only make this problem worse.
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Another important activity which impacts on our standard of living is construction.
Buildings, towers, tourist attractions and the like are becoming bigger. In some
applications limits are being reached on how large these structures may be built.
The size of wind turbines is being limited by the weight of the equipment that is to
be housed in them [4, 5].
Magnesium with its high strength to weight ratio is a material that could be used
more widely to alleviate some of these problems. It is the lightest of the structural
metals (Table 1.1). Alloys of magnesium are being used to replace the heavier mater-
ials used in vehicles today, but more can be done. For each 10% reduction in weight
there is an increase in fuel eﬃciency of between 6.6% and 8% [1]. For structures
such as wind turbines, incorporating magnesium would allow larger components to
be built for the same weight as current generators. This would allow for larger, more
cost eﬀective wind turbines to be constructed [5].
Light-weighting with magnesium can ﬁnd uses in domestic products, too. The most
obvious being in portable electronic devices such as mobile phones and laptop com-
puters because the low density of magnesium will make them lighter and easier to
carry. These devices will also beneﬁt from the electromagnetic shielding property
of the metal [11, 12]. Using magnesium in less portable items, such as white-goods,
entertainment centres and the like, is also beneﬁcial because anything that reduces
the weight of such items makes them easier to relocate or mount.
Magnesium is also abundant. It makes up approximately 2.7% of the Earth’s crust
and 0.13% of the seawater in the oceans [10]. Despite its abundance and the beneﬁts
described above, the use of magnesium is not wide spread. One of the reasons is due
to pure magnesium having limited strength and ductility when compared to other
metals (Table 1.1, 1.2 and Figure 1.1). High production costs and poor corrosion
resistance also inhibit the adoption of magnesium [14].
So, to improve the competitiveness of magnesium this metal needs to be made
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Figure 1.1: Ductility-strength relationships in magnesium and aluminium alloys [6,
10, 13].
stronger and more ductile. By increasing strength, less material is required for a
component thus making it lighter. Improving ductility allows the magnesium to be
formed and shaped into more complicated geometries without cracking. Combining
improvements in both strength and ductility can make magnesium more appealing
to manufacturers and so ﬁnd its way into more applications.
However, in metals, improvements in strength and ductility are usually diﬃcult to
obtain simultaneously. As can be seen in Figure 1.1, which compares magnesium
alloys with their main rival, aluminium alloys, an increase in strength generally yields
a loss of ductility and vice versa. The challenge is to improve the understanding of
magnesium alloys to better exploit their mechanical properties and simultaneously
increase both strength and ductility; making them more competitive.
Magnesium alloys fall into two main categories: cast and wrought. Although mech-
anical properties are important for both categories, for cast alloys the focus for
processing is on metal ﬂow and good mould ﬁlling characteristics [15]. In the case
of wrought alloys, the capacity for plastic deformation is key, so workability takes
the highest importance. The demand is highest for cast magnesium [10], but as
5can be seen in Table 1.2 wrought magnesium has the advantage of higher strength
and ductility. Strength and ductility are improved by deforming the alloys to both
remove voids and reﬁne the structure. This naturally makes wrought magnesium a
better choice than cast for structural applications. Therefore, of these two categor-
ies, the wrought alloys hold a lot of promise in terms of opportunities for their use.
In the current work the focus is placed on extrusion.
It can be seen in Table 1.3 that the addition of rare earth metals is eﬀective at
improving strength. When combined with zinc additions a good combination of
strength and ductility can often be achieved. The current work compares the
strength and ductility of magnesium - zinc alloys with and without rare earth addi-
tions. Yttrium and gadolinium were the rare earth metals selected.
In the following chapter the deformation mechanisms which allow plastic deforma-
tion to occur in magnesium and its alloys are described. How the microstructures of
magnesium alloys determine the mechanical properties they exhibit and how these
structures are developed and the inﬂuence of alloying elements, including rare earth
metals, will then be explained.
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Chapter 2
Process, Structure and Properties
in HCP Metals
2.1 Deformation
During deformation in magnesium and other hexagonal close packed (hcp) metals
several processes occur locally to accommodate the macroscopic deformation. The
two main processes, slip and twinning, will now be described.
2.1.1 Slip
In a crystal lattice, slip is easiest on the planes of atoms (the slip planes) which
are the most densely packed [25, 26]. The easiest direction over the slip plane along
which slip will occur is the direction where the atoms are closest packed. A slip
plane combined with the direction in which slip occurs along that plane is termed a
slip system.
Slip occurs by the passage of screw and edge dislocations moving through the atomic
7
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(a) Planes of atoms prior to slip. (b) The passage of an edge dislocation dur-
ing slip. Arrows indicate direction of shear
stress.
Figure 2.1: Schematic of one plane slipping over another.
lattice (Figure 2.1). For slip to occur, a shear stress must be acting on the slip
plane. Once the shear stress reaches a critical level (the critical resolved shear
stress) dislocations will then move through the structure.
The crystal system for magnesium and its alloys is hcp (Figure 2.2). Within this
crystal system, slip occurs on the basal plane (0001)
〈
112¯0
〉
, the prismatic planes{
101¯0
} 〈
112¯0
〉
, the pyramidal planes
{
101¯1
} 〈
112¯0
〉
and the second order pyramidal
planes
{
112¯2
} 〈
112¯3
〉
(Figure 2.3). At room temperature, slip occurs most easily
on the basal plane (Figure 2.3a), which consists of three slip systems [26, 27]. These
planes are parallel and do not intersect so dislocations cannot easily cross slip to
another slip plane when an obstacle is encountered [26]. Also, in basal slip the
probability of slip planes in one grain intersecting with the slip planes in adjacent
grains is very low so dislocation glide into neighbouring grains is remote [26].
The inﬁnitesimal strain may be described by [25, 30],
εij =
⎡
⎢⎢⎢⎢⎢⎢⎣
ε11 ε21 ε31
ε21 ε22 ε32
ε31 ε23 ε33
⎤
⎥⎥⎥⎥⎥⎥⎦
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Figure 2.2: The hcp crystal structure. In pure magnesium the axial ratio (γAR = c/a)
is 1.623 [10].
(a) Basal slip (0001)
〈
112¯0
〉
(b) Prismatic slip
{
101¯0
} 〈
112¯0
〉
(c) Pyramidal slip
{
101¯1
} 〈
112¯0
〉
(d) Second order pyramidal slip{
112¯2
} 〈
112¯3
〉
Figure 2.3: Main slip systems in magnesium and its alloys [10, 28, 29].
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where εij is the strain on the i plane in the direction of the j plane normal. For
the deformation to occur without a change in volume ε11 + ε22 + ε33 = 0. Also, due
to convention ε12, ε23 and ε13 are equal to ε21, ε32 and ε31, respectively, so the nine
strain components reduce to ﬁve. Any combination of these can be provided by ﬁve
independent slip systems. This is the Von Mises condition for deformation without
volume change [25, 30, 31].
Alloying, processing and raising the temperature can serve to improve ductility.
Raising the temperature lowers the critical resolved shear stress for slip to occur
on the prismatic and two pyramidal slip systems [32], increasing the number of slip
systems that are readily activated. With slip components along both the a and c
axes, the second order pyramidal slip system (Figure 2.3d) provides the added slip
systems necessary to satisfy the Von Mises condition [25, 29, 30], and ductility is
thus improved when this system activates [26].
2.1.2 Mechanical Twinning
Mechanical twinning is a shearing process and shear in twins may either contribute to
extension or contraction of the c-axis. Consequently, twins in hcp materials are often
referred to as “compression” twins or “tension” twins, respectively [29, 33, 34]. Yoo
showed (Figure 2.4) that in hcp crystal structures a given twin system will transition
from “tension” twin to “compression” twin based on the axial ratio (γAR = c/a) [29].
Note also that the proximity of γAR to the transition point inﬂuences the magnitude
of shear from the twin system.
The most common twinning system in hcp metals,
{
101¯2
} 〈
101¯1
〉
(Figure 2.5), has
a transition point at c/a =
√
3 (or 1.732). For magnesium with an axial ratio of 1.623
this twinning system behaves as an extension twin with an associated twinning shear
of approximately 0.13. In comparison, the
{
101¯1
} 〈
101¯2¯
〉
and
{
101¯3¯
} 〈
303¯2¯
〉
twins
2.1. DEFORMATION 11
Figure 2.4: Schematic of the eﬀect of axial ratio on shear strain, γ, in a twin system
(after [29]). The slope of the lines and the value of the transition point are diﬀerent
for the diﬀerent twin systems.
Figure 2.5: The
{
101¯2
}
twinning planes deforming in the
〈
101¯1
〉
directions [29].
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(a) Planes of atoms before twinning. (b) After twinning. The direction of the
shear stress is indicated by the arrows.
Figure 2.6: Classical model of the twinning process. Lines drawn to aid visualisation.
have an extension to contraction transition point at c/a = 1.5. Therefore, these
exhibit c-axis contraction in magnesium.
Figure 2.6 illustrates the classic description of the mechanical twinning process.
It is an important process in hcp metals because ’easy’ slip does not provide ﬁve
independent deformation modes. However, once extension from twinning has been
exhausted, failure occurs soon after [33].
Under the inﬂuence of a shear stress twinning occurs by planes of atoms moving a
fraction of the interatomic spacing [25]. As can be seen in Figure 2.6b the resulting
twinned structure is a mirror image of the atomic structure from which it originated
and this mirroring occurs across the twin plane.
So, twinning and slip are distinct processes. However, both relieve the elastic stress
within the microstructure and allow the grains within the microstructure to deform.
Common to both they require a critical stress to become active, so the process with
the lowest critical resolved shear stress is the most favoured to take place. Diﬀerences
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between these two processes are summarised in Table 2.1.
Table 2.1: Diﬀerences between slip and twinning [25, 26].
Slip Twinning
No change in orientation of the crystal
lattice across the slip plane†
Reorientation of the crystal lattice
across the twin plane
Involves atom movements in discrete
steps of the interatomic spacing
Movement of atoms are very much less
than the interatomic spacing
Planes involved in slip may be more
than one interplaner spacing apart
All the planes within the twin were
involved in the deformation process
† The operation of multiple slip systems can result in grain rotation.
2.1.3 Deformation/Extrusion
Deformation processing of metals - “working” - is the change in shape of the metal
as a result of an applied stress. At the macroscopic level this shape change may be
carried out at high, ambient or very low temperatures. Deformation under these
temperatures are termed hot working, cold working and cryo-forming, respectively.
Common metal working processes include rolling, drawing, extruding and forging.
Most of the work of deformation is dissipated as heat. However, a small portion of
the energy is stored. First, the grains in the microstructure become deformed to
accommodate the macroscopic change in the metal giving rise to an increase in grain
boundary area [35] (see Table 2.2). Since the lowest energy state for a microstructure
is when the atoms are packed in an ordered manner and grain boundaries are regions
of disorder, the lowest possible energy state is found in single crystals. Therefore,
the increase in the area of the grain boundaries also increases the energy of the
Table 2.2: Eﬀect of deformation on the grain boundary area (after [35]). The increase
in the grain goundary area is based on an initially cube shaped grain deformed by
rolling.
Reduction Grain boundary increase
50% 16%
90% 270%
99% 3267%
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microstructure.
Second, deformation increases the density of dislocations which accumulate as ’forests’
of tangled dislocations. In a similar manner to grain boundaries, dislocations are
also regions of disorder in the microstructure and thus raise the energy over that
of the otherwise perfect crystal lattice. The number of dislocations in a heavily
deformed microstructure can be as high as ~1016 m-2, up from ~1011 m-2 in a typical
annealed microstructure [25, 35]. With the increase in dislocations and stored energy
there is also an associated increase in yield strength with a corresponding decrease
in ductility [35].
Deformation also has the aﬀect of causing the crystal structure of the grains to
rotate towards a preferred orientation. The outcome of this behaviour and how it
occurs will be described in more detail in Sections 2.2.5 and 2.3.5, respectively.
2.2 Link Between Structure and Mechanical
Properties
The mechanical properties of any metal or alloy are controlled directly by the in-
ternal structure (microstructure). This structure is inﬂuenced by the extent to
which alloying elements dissolve into the base metal matrix and whether they form
particles. These processes in turn impact on grain size, twinning behaviour and
grain orientation, all of which also aﬀect the mechanical properties.
The impact of structure on the shear stress required for plastic ﬂow can be repres-
ented by a sum of the strength contributions [35, 36].
τflow = τP−N + τfd + τp + τgb + τsgb + τss + τos (2.1)
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τP−N =Peierls-Nabarro friction
τfd =interactions of forest dislocations
τp =particle strengthening
τgb =dislocations inhibited by grain boundaries
τsgb =dislocations inhibited by sub-grain boundaries
τss =dislocations inhibited by solute atoms
τos =disruption of the order in ordered lattices
To convert the shear stress (τ) to true stress (σ) an appropriate Taylor factor (mT )
needs to be applied [37].
σ = mT τ (2.2)
In magnesium alloys mT is diﬃcult to deﬁne due to the operation of diﬀerent de-
formation modes. However, “eﬀective” values in the range from 4 [38] to 7.4 [39]
have been employed.
Ductility is also highly sensitive to the microstructure and is inﬂuenced by a number
of factors. For example, the impact of work hardening on the uniform elongation in a
tensile test can be explained as follows. When a metal is strained it hardens through
dislocation multiplication and the load-bearing capacity of the metal increases. At
the same time, the cross-sectional area decreases. Whilst the proportional increase
in ﬂow stress is greater than the decrease in load bearing area the ﬂow is uniform.
Eventually the decrease in area exceeds the work hardening contribution and the
plastic deformation becomes unstable. The result is a region of localised ﬂow. The
point at which this instability occurs is when the slope of the true stress versus true
strain curve is equal to the true stress. This relationship - known as Considère’s
criterion - is described by,
dσ
dε
= dσ
de
(1 + e) = σ (2.3)
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where ε and e are the true and engineering strains, respectively [25].
The localised ﬂow produces a region where the cross-sectional area is less than
everywhere else known as a neck. Consequently, the neck is a site of higher stress
so further deformation becomes localised in this area.
During deformation the presence of hard second phase particles leads to complex
matrix ﬂow patterns around the particles. This causes the alloy to work harden
rapidly with dislocations building up as dense tangles at the particles. Voids will
then form by either fracture of the particles or decohesion of the matrix-particle
interface. These voids grow by plastic deformation until they join up causing the
alloy to fracture [40].
2.2.1 Grain Size Eﬀect
For deformation to occur without failure in polycrystalline materials the deforma-
tion in each grain must be accommodated by the neighbouring grains [41]. The grain
boundaries impart strength to a metal or alloy through their interference with slip
and twinning [25]. At temperatures below half the melting temperature (in Kelvin),
grain boundaries act as obstacles for dislocation motion [41]. Stresses concentrate at
the boundary and these are relaxed when multiple slip is initiated. Multiple slip at
grain boundaries also promotes high strain-hardening rates. The eﬀect of grain size
on the yield strength (σy) of metals and alloys has been described by the Hall-Petch
equation
σy = σ0 + kD−1/2 (2.4)
where σ0 and k are constants for the material and D is the average grain diameter [25,
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26, 41, 42]. Experimentally, in tension the values of σ0 and k in a wrought Mg -MM-
Al - Zn - Sn alloy have been found to be up to 227MPa and 8.5MPamm½ [43].
2.2.2 Solid Solution Strengthening
When alloying elements are added to a metal these added elements may dissolve into
the lattice structure of the metal forming a solid solution. Rules to explain the extent
to which this will occur in a given system were developed by Hume-Rothery [25, 26].
If the solute atoms are much smaller than the atoms of the base metal then they will
occupy sites in between base metal atoms to form an interstitial solid solution [25].
This form of solid solution is not common in magnesium alloys. Much more common
in magnesium are substitutional solid solutions [44]. In this case the solute atoms
occupy sites that would normally be occupied by a magnesium atom.
The presence of solute atoms has been shown to increase strength. This is due mainly
to elastic stresses introduced into the atomic lattice resulting from the diﬀerences
in atomic size [25]. The greater the size diﬀerence between solute and solvent atoms
the greater the increase in strength. In some cases, such as in copper-zinc alloys, an
improvement in ductility is also seen as the solute content is increased, but this is
not typical behaviour for solid solutions [26]. Inﬂuences of atoms in solid solution in
magnesium alloys will be discussed in Section 2.4.2.
2.2.3 Particle Strengthening
Incorporating secondary phases into the design of an alloy is a well known method
for improving the mechanical properties. The use of second phases to increase the
strength has the general term of dispersion strengthening [26]. Although, this term
is more commonly used to describe the introduction of hard particles into a metal
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Figure 2.7: Particles obstructing the passage of a dislocation (after [45]).
matrix composite [25, 30].
Here our focus is on precipitates, which are particles that form in the solid phase.
These can aﬀect the grain structure by pinning grain boundaries and producing a
reﬁned grain structure. Particles also strengthen by impeding the slip of dislocations
(Figure 2.7). This is because second phase particles are generally harder than the
matrix [26, 30]. Dislocation slip may be impeded by particles due to diﬀerences
in modulus, stacking fault energy, strains in the crystal lattice surrounding the
particles, energies associated with creating new particle-matrix interfaces and the
formation of anti-phase boundaries in an otherwise ordered particle crystal lattice.
Where dislocation slip can shear a particle it is important to understand how an
otherwise straight dislocation interacts with these particles in the matrix. Disloca-
tions have a line tension, T. Under an applied shear stress, τ , a dislocation line with
Burgers vector, b, will bow with a radius of curvature [30, 45]
R = T
bτ
. (2.5)
This will result in the dislocation bowing around the particle with a bowing angle,
φ (Figure 2.7). At some critical bowing angle (φcritical) the particle may shear so the
maximum force of the dislocation resisted by the particle is given by
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Fbreaking = 2T cos
φcritical
2 (2.6)
and the dislocation will break away from the particle. Since the spacing between
the particles is given by
λ = 2R sin θ (2.7)
and θ = 90°− φ/2 it can be shown that the shear force required to shear the particles
and allow dislocations to move through the grains is
τ = Fbreaking
bλ
. (2.8)
Given that particles are generally harder than the matrix, as they grow they become
harder to shear. If this occurs by the depletion of solute atoms from the matrix then
λ, the spacing between particles, decreases resulting in an increase in the shear force
required to push dislocations through the grains. As the matrix becomes depleted of
solute, particle growth becomes the product of Ostwald ripening and conservation of
mass requires that λ will increase. There will then be a transition from an increasing
to a decreasing value of the breakaway shear stress.
From equation 2.6 one of the consequences of the particles becoming harder to shear
is that the critical bowing angle (φcritical) decreases. When this angle reaches zero
the particle will no longer shear and become impenetrable to the dislocations. Equa-
tion 2.6 then becomes
F = 2T (2.9)
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and forces from dislocations greater than 2T will result in the dislocations bypassing
the particles instead of passing through and shearing them. Using
T = Gb
2
2 (2.10)
where G is the shear modulus and combining it with equations 2.8 and 2.9 the shear
stress becomes [25, 45]
τ = Gb
λ
. (2.11)
This is the Orowan equation in its simplest form.
As the dislocations bypass the particles a dislocation loop is left behind around
the particle. The signiﬁcance of this is that the dislocation loops eﬀectively make
the particles larger, reducing the spacing between the particles. Therefore, as more
dislocations bypass the particles there are more dislocation loops left behind around
the particles as concentric loops. These provide a back stress so the shear stress
for subsequent dislocations increases [25]. That is, the material will rapidly strain-
harden.
2.2.3.1 Non-beneﬁcial Particles
Not all particles are beneﬁcial. Magnesium alloys containing silicon can form Mg2Si
particles with a morphology described as “Chinese script” [46–48]. These particles
have been shown to be hard, brittle and sites for crack initiation. Their presence
tends to lower the yield strength and elongation of magnesium alloys.
Stringers (Figure 2.8) formed by deformation also have been shown to have a negat-
ive impact on mechanical properties [26]. This is because the particles in a stringer
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(a) Optical micrograph (b) Scanning electron micrograph
Figure 2.8: Examples of stringers formed in a Mg - 5wt.%Zn - 1wt.%Gd alloy.
can act as tiny internal notches from which cracks can initiate. The formation of
stringers is explained in Section 2.3.1.
2.2.4 The Presence of Twins
Twinning occurs readily in magnesium alloys. As such this deformation mechanism
is an important contributor to the mechanical properties. It has been shown in
Section 2.1.2 that there is a plane which separates the twinned and untwinned regions
of a grain. This plane has a surface energy and is a boundary which interferes with
slip [26].
Figure 2.9 shows two stress - strain curves measured in experiments carried out on
single crystals. The sample in which
{
101¯2
}
extension twins are dominant shows
steady state stress during the formation of the twins. Eventually this process is
exhausted and the grains have become oriented such that twinning is much more
diﬃcult. At this point the metal work hardens rapidly to failure. Given the strain
observed for the steady state stress region it has been suggested by Barnett [33] that
extension twins increase uniform elongation.
It has been stated by Yoo [29] that the conditions suitable for twinning are also ideal
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Figure 2.9: Schematic of channel die compression of single crystals oriented for the
c-axis to be compressed or stretched (after [33]). Extension twins which form when
the c-axis is in tension promote uniform elongation.
for fracture. Indeed, it has been reported that cracks have been identiﬁed forming
within twins of magnesium alloys [34, 49]. Also, lenticular shaped cracks have been
seen in microstructures parallel to twins in locations that were most likely to have
been a twin prior to the formation of the crack [49].
These cracks have been found under conditions which form the
{
101¯1
}
c-axis con-
traction twins. When contraction twins are strained further they have been found
to form a secondary twin inside the ﬁrst. This is known as a double twin. It has
been proposed the formation of the double twins could be the source of the crack-
ing [34]. This is because the double twins are believed to contribute to strain soften-
ing through a favourable orientation of the basal planes for slip in the secondary
twins.
In an analysis of failure in a coarse-grained wrought Mg alloy Barnett et al. [49]
concluded that the reduction in elongation from contraction twins is the result of
a loss in load-bearing capacity. This loss, leading to necking, being caused by the
voids which may have formed in double twins due to ﬂow localisation. This is quite
reasonable since small radii, such as those found at the ends of the lenticular cracks
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formed, are known to be stress concentrators ideal for crack propagation [25, 36, 42].
Failure due to the presence of twins is also related to grain size. In magnesium
alloys a reduction in the grain size will improve ductility [39]. El-Danaf et al. [50]
have shown that reducing grain size reduces the twinning density. Thus, the im-
provement in ductility is related to a reduction in hardening from twinning as grain
size decreases [51].
In magnesium alloys, Barnett [34] showed that the initial cracks formed from twins
extended across the width of the grain. For failure due to fracture, the critical yield
stress is [36],
σc =
√
γE
4c
(
rc
a
)
(2.12)
where E is the Young’s modulus, γ is the surface energy, 2c is the crack length, rc is
the radius of curvature at the crack tip and a is the interatomic spacing. Since the
only factor which changes with grain size is the crack length it can be seen that with
decreasing grain size, and hence crack length, the critical yield strength for yielding
of the crack increases.
Combining these phenomena we ﬁnd that there is a two-fold beneﬁt of decreasing
grain size. First, there is a decrease in the density of twins leading to fewer sites
for cracks to nucleate; and it should be noted that not all twins form into voids.
Second, the voids produced from any twins that do form require a higher yield stress
for the crack to propagate further.
2.2.5 Preferential Orientation of Grains
As a metal or alloy deforms plastically the grains within the material become elong-
ated. At the same time the grains rotate such that the slip planes become aligned
24 CHAPTER 2. PROCESS - STRUCTURE - PROPERTIES
parallel with the principal strain axis [25, 26]. This preferential orientation of the
grains is known as texture. If the orientation of the crystallographic planes ap-
proaches that of a random distribution the texture is referred to as weak. Conversely,
the more highly aligned the crystallographic planes the stronger the texture. Texture
development will be described in Section 2.3.5.
Texture is important because of the eﬀect it has on mechanical properties. Where no
texture exists in a metal the mechanical properties are the same in all directions [25,
52]. However, where a material exhibits a strong texture the strength and ductility
will be diﬀerent depending on the direction in which the material is tested relative
to that texture. Due to the relatively few number of slip systems in hcp metals they
tend to develop strong textures on deformation.
2.3 Eﬀect of Processing on Structure
Previous sections have shown that the mechanical properties of a metal or alloy are
directly inﬂuenced by the microstructure. This structure is the result of a com-
bination of the inﬂuences of composition, thermal and mechanical history (that is,
heat treatments and prior deformation, respectively) and the ease with which the
structure will recrystallise or form particles. These processes and their impact on
the microstructure will now be considered.
2.3.1 Particle Formation
There are diﬀerent types of particles that may be present in alloys and they ﬁnd
their way into the microstructure via diﬀerent routes. The particles may be added to
the melt, formed during solidiﬁcation or generated by a heat treatment procedure.
Below is a brief explanation of the particle types and their geneses.
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Particles added to the melt may be intentional or unintentional. In the case of
the former, particles are added to the melt to form a metal matrix composite and
provide reinforcement. This mode of reinforcement has been shown to improve either
strength [53] or ductility [54].
When particles enter the melt unintentionally the resulting particle is termed an
inclusion. These inclusions arise from various sources. They may be material from
the crucible, be included from the ore or as a byproduct of the smelting process.
Included particles are generally known for their detrimental eﬀect on mechanical
properties [45].
The following remaining types of particle are dependent on diﬀusion. This means
that time and temperature play an important part in their development.
Firstly, particles can form by diﬀusion during solidiﬁcation. Most alloys solidify over
a temperature range, with the exception to this rule being alloys at the eutectic
composition. Therefore, for most compositions as the temperature is lowered from
the temperature at which solid will begin to form the percentage of solid in the melt
will increase. Eventually a temperature is reached (the solidus temperature) where
the alloy is completely solid. Throughout this process the elements within the melt
can segregate and then nucleate and grow particles.
In order to produce a wrought microstructure, after a homogenising or solutionising
heat treatment the cast alloy will then be deformed at ambient temperature (cold
working) or at elevated temperatures (hot working). During this deformation process
the matrix will deform plastically and the harder, brittle particles formed during
solidiﬁcation which still remain after the heat treatment may break up. Due to the
ﬂow patterns that develop during deformation these broken up particles can form
a line of particles in the matrix in the direction of deformation. Owing to their
appearance, these arrangements of particles lining up are referred to as stringers (as
seen earlier in Figure 2.8 on page 21).
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Particles can also form from the solid phase. This process, known as precipitation,
occurs in many alloy systems. Precipitated particles appear when their formation
lowers the energy of the system [55]. Defects such as grain boundaries, vacancies,
dislocations, inclusions, stacking faults and free surfaces are all high energy sites
within the lattice of the matrix. As such they are ideal sites for particles to pre-
cipitate. This form of second phase nucleation on defect structures is referred to as
heterogeneous nucleation.
Equation 2.13 describes the free energy change associated with heterogeneous nuc-
leation of secondary phases. Vp is the particle volume, A and γ are the area and
interfacial energy of the interface between the particle and the matrix, respectively,
ΔGv is the volume free energy change of the particle, ΔGs is the change in free
energy due to misﬁt strain, and ΔGd is the free energy change due to defect anni-
hilation.
ΔGhet = −Vp(ΔGv − ΔGs) + Aγ − ΔGd (2.13)
Homogeneous particle nucleation may also take place. This is the spontaneous
formation of a secondary phase due to ﬂuctuations in the composition. Where
homogeneous nucleation takes place there is no reduction in free energy due to
the removal of a defect, so equation 2.13 may be used without the term ΔGd.
Note the absence of the ΔGd term means the overall free energy change for this
reaction is smaller. Consequently there is a greater thermodynamic driving force for
heterogeneous particle nucleation than homogeneous.
It can be seen from equation 2.13 that there are separate volume and area terms.
Therefore there is a critical particle radius (r∗) and associated critical free energy
(ΔG∗) above which a particle nucleus will become stable. Assuming homogeneous
precipitation of an initially spherical particle equation 2.13 becomes:
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ΔG∗ = −43π (r
∗)3 (ΔGv − ΔGs) + 4π (r∗)2 γ (2.14)
Note that in practice γ is not constant over the complete surface of the interface
between the particle and matrix. This is due to the diﬀerences in the particle and
matrix lattice parameters. It results in changes in coherency and misﬁt strains
between atoms in the particle and matrix across the interface over the interface sur-
face. So, a better description of the interfacial energy around the particle surface is
given by
Aγ =
∑
Aiγi (2.15)
Since γ is not constant over the complete surface of the precipitate, from equa-
tion 2.13 the driving force for growth is faster in the directions where γ is lowest. So
sections of the particle matrix interface which are incoherent will grow faster than
coherent or semi-coherent sections, because the free energy is lowest for growth at
these interfaces. The signiﬁcance of this phenomena is that non-spherical particles
such as rods, plates and lath-shaped particles are frequently seen.
2.3.2 Recovery and Recrystallisation
Both recovery and recrystallisation are driven by the need to reduce the stored
energy associated with dislocations. This means that recovery and recrystallisation
can be competing processes. They both occur at elevated temperature during or
after deformation.
During recovery dislocations are rearranged from a near random distribution through-
out the grains into a cellular network structure. It begins rapidly and diminishes in
speed as the structure driving recovery is used up [36].
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The process of recrystallisation is a process whereby new grains nucleate and grow
to consume the dislocations from the deformed microstructure. Compared to the
deformed microstructure from which they grow, new grains contain relatively few
dislocations and so the strength is lower. With the removal of dislocations by recrys-
tallisation recovery stops because the driving force for this process is removed [35].
Recrystallisation is also aﬀected by recovery because it both reduces the energy
stored in the lattice and forms the nuclei necessary for recrystallisation. So, the
extent of prior recovery inﬂuences the kinetics and nature of the recrystallisation
that follows [35].
The nuclei for recrystallisation are believed to be small strain-free volumes which
pre-exist in the deformed microstructure. This is because the driving force for re-
crystallisation is too low and the interfacial energy for the necessary high angle grain
boundaries too large for recrystallised grain nuclei to form by thermal ﬂuctuations.
One nucleation mechanism involves the bulging of boundaries due to diﬀerences in
strain on either side of the boundary [35].
Nuclei for new grains form in locations where inhomogeneities exist in the micro-
structure and the lattice strain is high. These high strain sites are [26, 35, 36]:
• regions close to grain boundaries,
• cell boundaries of recovered microstructure,
• transition bands,
• slip bands,
• intersections of deformation twins and at twin boundaries.
Smaller initial grain sizes mean there is a lot more grain boundary surface area
per unit volume and thus more initiation sites [35, 36]. Therefore, once begun,
recrystallisation in ﬁner grained microstructures is likely to proceed faster.
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Grain boundary movement is temperature dependent. Once nucleated, the new
grain grows with a mobility that usually follows an Arrhenius-type equation. That
is,
M = M0e
−Q
RT (2.16)
The driving force for movement of the grain boundary is the diﬀerence in the free
energies on either side of the boundary. Thus the pressure on the boundary may be
described by,
P = ΔG (2.17)
Combining equations 2.16 and 2.17 gives a relation which describes the velocity of
the grain boundary.
v = MP (2.18)
If there is solute present in the alloy then there may be back pressure from solute
drag constraining the driving pressure and under these conditions equation 2.18 may
not be valid [35].
Misorientation angles between the nucleated grain and its neighbours also aﬀect how
quickly the grain boundary may advance. In general, higher activation energies are
needed to move low angle grain boundaries than for high angle grain boundaries.
Consequently the mobility of the grain boundaries is higher for high angle grain
boundaries and has been found to be independent of the misorientation angle.
Averaging out the above eﬀects produces the typical sigmoidal plot of volume fraction
recrystallisation (Figure 2.10). That is, there is an incubation time dominated by
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Figure 2.10: Plot of a typical nucleation and growth process.
nucleation, then the rate of the process begins slowly, increases to a maximum and
then diminishes again to completion [35, 36].
In addition to the amount of stored energy from working, the temperature, time,
initial grain size, composition and texture also have an eﬀect on the recrystallised
state [25, 35, 36, 56]. A minimum temperature is required before recrystallisation
will begin. Above this temperature any further increase in the temperature increases
the rate of recrystallisation. Also, increasing the amount of deformation and hence
stored energy increases the rate of recrystallisation.
Recrystallisation during deformation - dynamic recrystallisation - is similar to that
seen after it. However, it is complicated by the fact that deformation continues
concurrently with the recrystallisation process. This means that as dislocations are
being annihilated through recrystallisation, they are also being generated by the de-
forming of the recrystallising grains. Another consequence is that softening due to
recrystallisation can lead to ﬂow localisation. If accompanied by localised deforma-
tion heating the phenomena of ﬂow localisation is expected to lead to failure [25, 35].
As mentioned above, recovery and recrystallisation are competing processes. Dy-
namic recrystallisation requires a high dislocation density to initiate recrystallisa-
tion. For metals with a high stacking fault energy dynamic recovery usually dom-
inates (higher curve in Figure 2.11) the restoration process and this can prevent
dynamic recrystallisation (lower curve in Figure 2.11) from taking place.
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Figure 2.11: Stress-strain behaviour during hot working (after [35]).
Following dynamic recrystallisation meta-dynamic recrystallisation can occur. The
mechanism for recrystallisation under this process is the same as for the static pro-
cess [57–59]. However, unlike the static process, the nuclei for recrystallisation are
pre-existing dynamically recrystallised grains.
2.3.3 Grain Growth
The ﬁnal annealing process is grain growth. This is distinct from the growth of grains
during recrystallisation because the deformed microstructure has been replaced by
a microstructure which is comparatively dislocation free. So, unlike recovery and
recrystallisation, the driving force for grain growth is the reduction of grain boundary
area. This provides a driving force much lower that that of the other two processes
and so grain growth is slower [25, 26].
2.3.4 Eﬀect of Particles on Annealing Processes
When particles are present they play a role in recrystallisation behaviour. They have
been found to inhibit the movement of grain boundaries so that recrystallised grain
growth is restricted. This eﬀect is known as Zener drag or Zener pinning [35, 36].
To determine the magnitude of this pinning force, a spherical non-coherent particle
interacting with a grain boundary is considered (Figure 2.12) [35, 36]. When the
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Figure 2.12: Forces involved in Zener pinning (after [35, 36]).
moving grain boundary intercepts the particle the portion of the grain boundary in
contact with the particle disappears lowering the energy of the grain boundary. For
this reason a grain boundary close to a particle is attracted to the particle. This
“lost” portion of the grain boundary must be recreated for the grain boundary to
continue to move and this requires energy. So, the force of the grain boundary acting
on the particle is given by
F = 2πrγ sin θ cos θ (2.19)
where γ is the interfacial energy of the grain boundary, and r and θ are the particle
radius and angle with the grain boundary tangent, respectively (as indicated in Fig-
ure 2.12). Following Newtons second law of motion, this is also the force of the
particle inhibiting the movement of the grain boundary. Since sin θ cos θ is a max-
imum of 1/2 at θ = 45° the maximum pinning force of the particle is given by
F = πrγ. (2.20)
By considering that the drag pressure on the grain boundaries associated with this
Zener pinning force is related to the number of particles intersecting the grain bound-
ary it can be shown that this pressure may be described by
PZ =
3Fvγ
2r (2.21)
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where F v is the volume fraction of particles within the matrix [35]. Note that al-
though the pinning force decreases as particles become smaller, for a given F v the
drag pressure increases because there are more particles with a larger contact area
with the grain boundary.
Particles are not always spherical but can be characterised by ellipsoids of various
eccentricities. Through this type of analysis Humphreys and Hatherly [35] showed
that when plate shaped particles interact with a grain boundary face-on, or needle
shaped particles interact with a grain boundary edge-on, the pinning force is signi-
ﬁcantly larger than for the spherical particle case. It was also shown that coherent
particles are twice as eﬀective at pinning grain boundaries than particles that are
incoherent with the matrix.
Particles are also known to inﬂuence recovery. In this case, ﬁne sub-micron particles
interfere with recovery by pinning dislocations and inhibiting sub-grain growth [35].
To explain the retarding eﬀect from ﬁne particles two eﬀects have been proposed [35,
45]. The ﬁrst is that the dislocation structure produced by cold working when
these particles are present is particularly stable. There are no regions of severe
changes in the plastic behaviour to promote recrystallisation because the dispersion
of ﬁne particles causes slip to be more uniformly distributed. Secondly, through
grain boundary and sub boundary pinning the rearrangement of dislocations can
be hindered, thereby suppressing the formation of grain boundaries and restricting
their subsequent movement through the structure. Since rapid sub-grain migration
has been shown to be responsible for the nucleation by particle stimulated nucleation
(PSN) of recrystallising grains [60], particles interfering with sub-grain growth also
reduce the number of nuclei available for recrystallisation.
In Figure 2.13a it can be seen that increasing the particle size increases the rate of re-
crystallisation because the time for recrystallisation decreases. The distance between
these particles also changes the recrystallisation kinetics. For larger particles above
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(a) Inﬂuence of particle size on recrys-
tallisation time.
(b) Eﬀect of spacing between particles
on recrystallisation time.
Figure 2.13: Schematic graphs showing the eﬀect of particles on recrystallisation
(after [35, 45]). These graphs are a simpliﬁcation but serve to show the general
trends associated with recrystallisation kinetics when particles are present.
a certain particle spacing an increase in spacing will result in an increase in the
recrystallisation rate, while below it the recrystallisation will be retarded (Fig-
ure 2.13b) [61].
In understanding how particles accelerate recrystallisation the coarser particles need
to be separated into two groups - both of which stimulate new grain nucleation by
PSN. Those particles which shear and those which do not. Taking the latter ﬁrst,
if the particles are greater than a critical particle diameter a localised region of
strain (known as a particle deformation zone) is generated around a particle as
deformation takes place [35]. These consist of complex dislocation structures and
can include localised lattice rotations close to the particle. New grains can nucleate
within these zones and not necessarily at the surface of the particle. In general
only one nucleation event takes place per particle, but multiple nucleation events
do occur as particle size increases with a corresponding reduction in the time for
recrystallisation [35, 45].
For particles that shear, work softening on the plane over which a particle has been
sheared causes a strain heterogeneity to develop [45]. The resulting concentrations
of strain assist in new grain nucleation. Consequently the recrystallisation time can
be faster than would be expected for the size of the particle.
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Figure 2.14: Eﬀect of particle fraction and radius on the size of recrystallised grains
at a high annealing temperature (after [35]).
Particles also inﬂuence the recrystallised grain size. It has been shown through
modelling that recrystallised grain size is determined by a balance between PSN
and the pinning of their grain boundaries [35]. On the left side of Figure 2.14 the
particles are large and nucleate new grains resulting in grain sizes up to the dotted
green curve. However, recalling from Section 2.3.3 grain growth is driven by pressure
to reduce the grain boundary area so when annealed at suﬃciently high temperature
this small grain size is unstable. The grains will grow until the pressure to grow
decreases down to the Zener pinning pressure (the solid red curve). By increasing the
particle volume fraction or decreasing the particle radius the Zener pinning pressure
increases (Equation 2.21). As a result the recrystallised grain size correspondingly
decreases.
When Fv/r is greater than the intersection of the red and green curves in Figure 2.14,
the grain size produced by annealing at high temperatures can be very large. The
process is discontinuous and is known as abnormal grain growth [35]. As Fv/r in-
creases the microstructure becomes more uniform so there are fewer heterogeneities
in the structure to promote abnormal grain growth. Thus there are fewer abnor-
mally grown grains and the grain size increases. This process results in grain sizes
on the solid green curve in Figure 2.14.
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The Zener equation (Equation 2.21) shows that the eﬀectiveness of the particles to
pin grain boundaries is greatest for ﬁner particles and high particle volume fractions.
As described above, small particles also interfere with dislocations and can pin the
subgrain boundaries formed during recovery. At the extreme right side of Figure 2.14
the particles are so small and the particle volume fraction so high that the area is
large enough to completely stop the nucleation of grains and no recrystallisation
may occur [35].
2.3.5 Texture
Two main factors impact on the development of texture during deformation; the
number and type of active slip systems and the strain.
The true strain at the centre of a deforming material is usually diﬀerent to that
experienced at the surface [52]. This may lead to changes in the texture from the
centre to the surface. Also, the stored energy is diﬀerent for the diﬀerent texture
components [35] and so this will also change from the centre of the deformed part
to the surface.
Secondary factors can also play a role in the ﬁnal texture. Raising the temperature
of deformation can activate additional slip systems and the resulting changes in slip
behaviour may inﬂuence the texture formed [52]. The prior texture of the metal may
also impact on the deformation texture [35].
Producing a wire results in a particular type of texture known as a ﬁbre texture [25,
26, 52]. In many cases of materials with the hcp crystal structure, the textures
of extruded rods approximate the ﬁbre textures of drawn wire, and this is true for
magnesium [52]. Uniaxial textures of this material are characterised by an alignment
of the < 101¯0 > directions with the axis of material elongation [52, 62]. Raising the
deformation temperature of magnesium above 450 °C sees this ﬁbre axis change to
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the < 21¯1¯0 > directions [52].
2.4 Alloying Magnesium
2.4.1 Elements in Common Alloys
A comprehensive but not exhaustive list of the elements found in common mag-
nesium alloys has been given in the ASM handbook on the metal [10]. The most
eﬀective of the elements in producing good mechanical properties are aluminium and
zinc. Aluminium additions of 6wt.% provide the optimum combination of strength
and ductility with greater concentrations making the alloy heat-treatable.
Zinc is said to be second to aluminium for improving the mechanical properties [10]
but on an atomic percent basis it is reported to provide a much higher solid solution
strengthening rate [38]. This metal is used in combination with other elements to
produce age hardenable alloys of magnesium [10].
Zirconium is often added as a grain reﬁner. However, it has been found to only
perform this function when in solid solution. Therefore it is less eﬀective when
alloyed with elements with which it will form stable compounds such as aluminium
or manganese. It also forms stable intermetallic compounds with zinc if subjected
to high temperature heat treatments for prolonged periods [63].
Not all elements found in magnesium alloys are beneﬁcial. Nickel, copper and iron
all contribute to lower the corrosion resistance of magnesium alloys, even in very
low concentrations. Since iron in the form of ferro-silicate is used in the Pidgeon
and Magnétherm smelting processes to produce magnesium it can usually be found
in most alloys [10].
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2.4.2 Eﬀects of Alloying
The inﬂuence of solute atoms on the strength diﬀers for the diﬀerent deformation
modes. Using zinc additions between 0 and 1.2wt.% in magnesium single crystals,
Akhtar et al. [64, 65] showed that increasing the solute content reduced the critical
resolved shear stress for prismatic slip while increasing it for basal slip. Other binary
alloys of magnesium have also exhibited this behaviour and it has been proposed to
be a general solid solution eﬀect in which the Peierls-Nabarro stress is lowered [65].
In subsequent work on Mg - Zn alloys this softening eﬀect was found to peak at
1.6wt.% Zn with a corresponding peak in the alloy ductility [66]. Increasing the
zinc concentration in these binary alloys beyond this level has been found to rapidly
increase the hardness up to a zinc concentration of 6.5wt.%. This trend in hardness
has been attributed to short range ordering on the basal plane [38]. It is also this
short range ordering that has been cited as the reason for zinc providing higher solid
solution strengthening on an at.% basis than aluminium [38].
The magnesium-aluminium alloy system is the most popular of the magnesium al-
loys [67]. Consequently there has been a lot of interest in the Mg17Al12 particles
formed in this system [46, 67–75]. Both continuous and discontinuous precipitates
of these particles form and the proportions of each can be controlled by aging tem-
perature [74].
The discontinuous Mg17Al12 particles which form on the grain boundaries are a
down-side of using this alloy system. Mg17Al12 particles have been linked with poor
creep resistance [67, 69] and is likely to be due to softening of the phase with temper-
ature [46]. Therefore suppressing the formation of these particles improves the creep
resistance of aluminium containing alloys. This can be done by controlling the aging
temperature as mentioned above or alloying with elements which preferentially form
other more beneﬁcial intermetallics.
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When Mg17Al12 particles form by continuous precipitation they usually form as
plates [68, 72]. However, rod-shaped Mg17Al12 particles have been observed when
alloyed with zinc [71]. In each case the habit plane was found to be along the basal
plane and therefore not oriented to eﬀectively prevent basal slip [68, 72, 75].
In contrast the magnesium-zinc alloy system has been found to precipitate rod-
shaped β ′1 particles with a prismatic habit plane [63, 76–78]. That is, the particles
are oriented normal to the basal plane and thus better aligned to block basal slip.
The β ′1 particles have been characterised as a phase of two co-existing structures; a
hexagonal MgZn2 Laves phase and a monoclinic Mg4Zn7 phase [79]. On further age-
ing the precipitates change to the basal plate-shaped β ′2 phase (hexagonal MgZn2)
with a corresponding decrease in strength and hardness. Further over-ageing trans-
forms the β ′2 basal plates to β phase (MgZn or Mg2Zn3) [63, 77–79].
Through modelling, Nie [80] has shown that although prismatic plate-shaped particles
are the most eﬀective at blocking basal slip, prismatic rods are still more eﬀective
than basal plates. Therefore, based on the particle habit planes, when alloying to
improve strength by ageing magnesium alloys the use of zinc is a more eﬀective
alloying element than aluminium.
Prismatic plates have been seen in a number of magnesium-zinc and magnesium-
rare earth alloys [81–86]. Since there are three prismatic planes in the hcp lattice
the precipitated plates can intersect in a triangular arrangement. This arrangement
of plates has been shown to produce the highest hardening in alloys of equivalent
composition [82] and also aids in creep resistance [81, 83, 87]. In addition it has been
found that it can be resistant to coarsening [82].
There is an order of preference for particle precipitation. In cold worked magnesium-
aluminium alloys from the highest preference to the lowest this has been found to
be [68]:
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•
{
101¯2
}
twin-matrix interfaces,
• along grain boundaries,
• within
{
101¯2
}
twins, and
• at dislocations in the untwinned matrix.
Given that this order of nucleation is due to the amount of energy lowered in the
lattice through particle formation it is likely a similar order of preference exists in
other magnesium alloy systems.
An inter-relationship can exist between twins and precipitates. As mentioned above,
twins themselves are nucleation sites for particles to precipitate. Clark [68] suggested
that the lenticular shape of twins could arise from a series of dislocation steps and
thus could provide the disorder necessary for particle nucleation. In the same work
a high density of dislocations was found within twins which again provide an ideal
environment for precipitation and thus particles were seen to form inside twins.
When there are particles present these have been shown to suppress twinning. In
an A9 alloy it was found that
{
101¯2
}
twinning reduced with increasing particle
content [68]. Suppression of twinning by the presence of particles is not always the
case. Particles in a Z5 alloy have been shown to be much ﬁner and in this case twins
moved through the structure unimpeded by the particles present as if the particles
were not there [76].
As shown in Section 2.3.1 not all particles present in alloys are produced by pre-
cipitation from the solid phase. Secondary phases in magnesium alloys have been
observed to form during solidiﬁcation and then break up on deformation [88]. These
dispersoids have been reported to be involved in suppressing dynamic recrystallisa-
tion [88] and also the reﬁning of grains [89]. Often the larger dispersoids have been
found to line up as stringers [90–92].
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Figure 2.15: Comparison of Mg - Zn -RE alloys (blue circles) with typical commercial
alloys [6, 10, 23].
2.4.3 Alloying with Rare Earth Metals
In recent times there has been a lot of interest in alloying magnesium with rare
earths. The interest in these alloys stems from improvements seen in the combined
ductility and strength when these elements are present. It can be seen in Table 1.3
on page 6 and in Figure 2.15 that the mechanical properties of the magnesium alloys
containing rare earth metals are often superior to magnesium alloys without them.
Based on their properties and crystal structure, rare earth metals can be sub-divided
into two groups. The cerium subgroup consists of lanthanum, cerium, praseody-
mium, neodymium, promethium, samarium and europium, while the yttrium sub-
group is made up of yttrium, gadolinium, terbium, dysprosium, holmium, erbium,
thulium, ytterbium and lutetium [93]. A comparison of these two groups can be
seen in Table 2.3. One point of diﬀerence is that the space lattice for all the yttrium
subgroup elements are hcp at room temperature (except for ytterbium which forms
the hcp structure below -3 °C) while in the other group none of the elements are
hcp, though some develop the dhcp structure. Note that although considered a rare
earth metal, scandium is not usually included in either of these groups.
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Table 2.3: Maximum solubility limits in magnesium and space lattices for the rare
earth elements [93]. The solubility limits are given for the eutectic (or peritectic as
is the case for scandium) temperature of the binary alloy. Standard abbreviations
are used for the space lattices: fcc, face-centred cubic; bcc, body-centred cubic;
(d)hcp, (double) hexagonal close packed. Unlike hcp which has the stacking sequence
ABABABAB in the dhcp structure the stacking sequence is ABACABAC [94].
Element
Solubility
limit (wt.%)
Eutectic
temperature
(°C)
Room
temperature
lattice
Scandium 15 710 (peritectic) hcp
Yttrium 12 565 hcp
Lanthanum 0.23 612 dhcp
Cerium 0.74 590 fcc
Praseodymium 1.7 575 dhcp
Neodymium 3.6 552 dhcp
Promethium 4.5 545 dhcp
Samarium 5.8 542 rhomb
Europium 0.03 562 bcc
Gadolinium 4.48 542 hcp
Terbium 24 559 hcp
Dysprosium 25.8 561 hcp
Holmium 28 565 hcp
Erbium 32.7 584 hcp
Thulium 31.8 592 hcp
Ytterbium 3.3 500 fcc
Lutetium 41 616 hcp
2.4. ALLOYING MAGNESIUM 43
-0.5 0.0 1 10 100
40
60
80
100
120
H
ar
dn
es
s 
(H
B
)
Time (Hours)
Y
Ce
Figure 2.16: Ageing behaviour of magnesium alloyed with cerium (1.0wt.%) and
yttrium (11.4wt.%) (after [93]).
When alloyed with magnesium these diﬀerences in the subgroups carry over into the
physical and mechanical behaviour. Rokhlin [93] showed in binary magnesium alloys
that the yttrium subgroup alloys generally have a higher solid solubility and in the
solution treated state are harder. Also, when aged, the binary alloys containing
yttrium subgroup elements show a small immediate increase in hardness followed
by an incubation time before they begin to harden signiﬁcantly (Figure 2.16). In
contrast, the binary alloys with cerium subgroup elements follow a trend of an
immediate rapid increase and plateau at peak hardness followed by over aging.
Alloying magnesium with elements from both cerium [82, 95–101] and yttrium [23,
82, 99–103] subgroups of the rare earth metals has been investigated and elements
from both subgroups are often used together.
However, it is when alloys of magnesium and zinc contain rare earth metals that
combined high strength and ductility result (Figure 2.15) with yield strengths above
300MPa and total elongation approaching 20% [23]. From Table 1.3 on page 6 a
44 CHAPTER 2. PROCESS - STRUCTURE - PROPERTIES
typical wrought commercial alloy, such as AZ31, has a high ductility (16.8%) but
a much lower yield strength (236MPa) [20], while high strength magnesium alloys
may have a high yield strength (410MPa for extruded ZK60 with 2wt.% Yb) but
with little ductility (3%) [19].
2.4.3.1 Eﬀects from Zinc and Rare Earth Additions
Rare earth containing alloys exhibit retarded recrystallisation [19, 62, 88, 101, 104]
and grain growth [105]. Rare earth metals also produce alloys with weakened tex-
tures [62, 105–113].
In addition, it has been reported by Ding et al. [88] that the addition of rare earth
metals to a magnesium-zinc alloy lowers the amount of zinc found in solid solution.
A similar eﬀect is seen when zinc is added to magnesium - rare earth alloys [114,
115]. These observations arise from the formation of zinc - rare earth containing
precipitates.
2.4.3.2 Particles in Mg - Zn -RE Alloys
The same particles seen in the magnesium-zinc binary alloys are often present in
the magnesium-zinc-rare earth alloys [23, 79, 92, 114, 116–118]. Other particles that
contain the rare earth element(s) have been reported to be present although there
is disagreement over the stoichiometry [114, 116, 119–121]. A signiﬁcant fraction
of the particles in the wrought condition containing rare earth metals are dispers-
oids [88, 91, 113, 118, 119, 122]. That is, the particles form during solidiﬁcation from
the melt and become broken up and distributed throughout the microstructure by
deformation. Some particles containing rare earth metals do precipitate [118], but
the majority of precipitated particles appear to be those which do not include rare
earths [17, 79, 92].
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One particular type of second phase particle containing rare earth metals - the
icosahedral quasi-crystalline phase (or i-phase) with a composition of Zn6Mg3RE [23,
120] - has captured the attention of a number of research groups. This is because
high strength and ductility has been measured in magnesium alloys where the i-
phase is present [23, 113, 119, 122, 123]. Also, the tensile strength has been shown
to increase in wrought samples with increasing i-phase fraction [113, 119, 122, 123].
Usually found in the matrix as an equiaxed dispersoid [118, 122–125] the i-phase
has also been shown to form as a precipitate from the solid [118]. Most of these
phases have been found to be metastable but there are reported to be thermally
stable icosahedral phases [126, 127], including those in the magnesium-zinc-yttrium
system [90, 122, 124, 127].
Above (Section 2.3.4) it was shown that coherent particles are more eﬀective than
incoherent particles at blocking the passage of grain boundaries. Since icosahedral
phases show high coherencies with the matrix the i-phase is ideally suited to pin-
ning grain boundaries [122, 128]. Thus the good strength and ductility has been
associated with the Hall-Petch eﬀect from grain reﬁnement linked to Zener pin-
ning [113, 129, 130].
In the as-cast condition the strength has been found to plateau when the yttrium
concentration reaches 1 at.% with a corresponding peak in the ductility [131]. Since
this corresponds to the development of continuous eutectic networks and that de-
formation breaks up and disperses the eutectic, the alloying element concentrations
for peak strength and elongation in the wrought alloys is expected to be higher.
However, this can not be veriﬁed in the work cited above due to the alloy composi-
tions used.
As would be expected diﬀerent ratios of the alloying elements promote the formation
of diﬀerent particles. Table 2.4 provides a list of phases that can be expected in
magnesium-zinc-yttrium alloys. Note the particles formed when the Zn:Y ratio is
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Table 2.4: Eﬀect of Zn:Y ratio on the particles that form in Mg-Zn-Y alloys [119].
Zn:Y ratio Phases present
1.8 - 1.9 α + W-phase
2.2 - 2.5 α + W-phase + i-phase
5 - 7 α + i-phase
10 α + Mg7Zn3
10 do not contain the yttrium.
One phase that is not shown in Table 2.4 but reported to be present in other work is
MgZn2 [79, 92, 116, 118]. This phase has been shown to be more eﬀective than the
i-phase at increasing hardness [118]. The diﬀerence being attributed to the MgZn2
particles being more numerous and non-spherical.
Particle stimulated nucleation (PSN) at i-phase particles is reported as being import-
ant for texture weakening [113] and grain reﬁnement [119] in the magnesium alloys
containing rare earth metals. However, this eﬀect on texture has also been observed
for other magnesium alloys with rare earth metals where the i-phase has not been
reported to be present [96, 106, 108, 110]. It has also been found in Mg - Zn -RE
alloys that the percentage of dynamic recrystallisation decreased with increasing
particle volume fraction [88, 104].
2.4.3.3 Zener Pinning
One study of a Mg–Gd–Y–Zn–Zr alloy produced grain sizes believed to be due to
Zener pinning in the order of 1μm and resulted in a UTS of 542MPa [17]. The
particles involved were said to be β and β’ phase (Mg5RE). Other work has shown
that the afore mentioned i-phase is eﬀective at reﬁning grains by this pinning mech-
anism [91, 117, 119, 122, 132]. It has also been suggested that Zener pinning may
retard dynamic recrystallisation [104]. Due to its impact on grain boundary mobility
Zener pinning has been proposed to weaken the texture [96].
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2.4.3.4 Solute Element Eﬀects
Since rare earth atoms are larger than magnesium they diﬀuse more slowly through
the matrix than the magnesium atoms [62]. They are also larger than the commonly
used non-rare earth elements and possibly due to this these metals have been found
to be the more eﬀective at reﬁning grains [133]. This reﬁnement is believed to be
due to these solute atoms pinning grain boundaries [105] and it is thought this eﬀect
is the result of the rare earth metals segregating to the grain boundaries due to their
larger size [101].
This eﬀect of solute drag from the rare earth metals is also believed to be involved in
reducing the mobility of dislocations and grain boundaries [35, 62, 101]. Their large
size means the rare earths interact and impede dislocations more strongly than the
non-rare earths [101]. Also, when coupled with zinc atoms which are slightly smaller
than magnesium the rare earths have been shown to form dimers1 with the zinc.
These dimers forming along the side of edge dislocations with the smaller zinc locat-
ing at the compression part of the dislocation while the larger rare earth segregates
to the extension part [134]. Both solute drag and the formation of dimers interfere
and impede the ﬂow of dislocations therefore serving to retard the mechanism by
which recrystallisation proceeds.
The retarding of grain boundary mobility has been associated with the segregation
of rare earth to the grain boundaries [101]. Therefore, the presence of rare earth
metals also impedes the recrystallisation process.
Although texture weakening is often attributed to PSN, texture weakening is not
always seen in alloys where particles are present. Texture weakening has also been
seen in alloys without particles [62, 101]. The type of particle may be important in
determining whether the texture weakens [62] but solute eﬀects are also important.
1Dimers are the coupling of two atoms in the solid solution phase. One solute atom is larger
than the base metal and the other smaller [134].
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Yttrium, which is more soluble in magnesium than neodymium, produces weaker
textures [108].
2.4.3.5 Shear Bands
Shear bands are seen to occur in magnesium-rare earth alloys [96, 107, 108] and form
at approximately 25 ° to the extrusion direction [133]. Since this type of process
disrupts the lattice, the resulting defect structure along shear bands makes them a
prime location for the formation of new grains during recrystallisation [105, 108, 135].
Senn and Agnew [108] found that this process of shear banding was more pronounced
in alloys containing yttrium leading them to suggest that yttrium promotes the
tendency for magnesium alloys to form these bands.
This propensity for nucleation to occur along shear bands indicates that these bands
have a part to play in grain reﬁnement, recrystallisation and texture. With respect
to texture, shear bands have been linked to weakening of the basal ﬁbre texture [96,
105, 108, 133]. In fact it appears to be responsible for developing a new texture
which has become known as the “rare earth” texture [101]. From the results shown
by Stanford [101] it appears that the onset of this texture begins when the rare
earth concentration reaches a level where the rare earth ceases to reﬁne the grain
structure.
2.4.3.6 Other Considerations
There are other microstructures and eﬀects that have been shown or proposed to
have an impact on the mechanical properties in magnesium - rare earth alloys. One
such inﬂuence is the eﬀect of unrecrystallised grains in wrought microstructures.
These grains have been shown to have a
〈
101¯0
〉
ﬁbre texture [105, 133, 136]. When
loaded along the ﬁbre axis, basal slip will not occur in
〈
101¯0
〉
ﬁbre grains, but may
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occur in the oﬀ-ﬁbre grains. Thus, an increase in the volume fraction of on-ﬁbre
grains produces higher strength [136].
Long Period Stacking Order (LPSO) structures have been found in the Mg-Zn-RE
alloys and these have been linked to improved strength and ductility [115, 137].
Strength improves because a higher stress is required to disrupt the order of the
LPSO structure and there has been shown to be an increase in strength with in-
creasing volume percent LPSO structure [115]. Improvements in the ductility were
related to a reduction in twinning. The LPSO structure was speculated to be in-
volved in blocking twins [137].
2.4.3.7 Ductility and Failure
In as-cast magnesium alloys with a second phase, failure has been observed to be due
to cracking within the second phase [131, 136]. As stress concentrators these cracks
form voids which grow and coalesce [25], leading to failure and a correspondingly
low ductility. However, this is usually not the case for wrought microstructures.
Recalling from Section 2.3.1 that during deformation the second phase of the as-
cast microstructure breaks up and disperses throughout the matrix, this too has
been seen in the magnesium-zinc-rare earth alloys [88, 91, 113, 136]. Where the
second phase is the i-phase the dispersed particles are found not to be the sites for
crack formation [113, 122, 123]. The strong interface between the i-phase particles
and the matrix is believed to be the reason. In this case cracks are believed to
initiate from twin boundaries [136, 137]; which is in agreement with other work [34].
Other particles form in these alloys which are not the i-phase, including phases such
as MgZn2, Mg5RE, W-phase (Mg3ZnRE2), β (Mg4Zn7) and β
′
1 (see Section 2.4.2) [23,
79, 114]. Since these particles do not share the same bond strength with the matrix
as does the i-phase, where these particles are present the interfaces between them
and the matrix are the source of weakness where cracks can initiate.
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Particle bond strength is not the only important particle related factor relevant to
failure and ductility. Since twinning is reduced as grains become smaller [51] and
cracks can initiate at twin boundaries [34, 49], a reduction in grain size can delay
void formation and hence improve ductility. Weakening the texture can also improve
ductility because more grains are oriented for basal slip [110].
2.5 Justiﬁcation for the Current Work
In the current work, the eﬀect of adding rare earth elements to wrought magnesium -
zinc alloys will be examined by comparing magnesium - zinc alloys with and without
rare earth elements. Comparisons will be made between the alloy microstructures
and between their subsequent mechanical properties. To investigate the inﬂuence of
zinc content, these comparisons will also be made at two zinc concentrations.
It is seen that there has been a considerable research eﬀort directed at wrought
magnesium-zinc-rare earth alloys [23, 62, 79, 88, 90, 91, 96, 97, 111–113, 117–119,
125, 128, 132, 138]. This interest is mainly due to a favourable strength-ductility
combination in the wrought condition. The combination of high strength (greater
than 300MPa) and high ductility (approaching 20%) [23] is not seen in other mag-
nesium alloys (Table 1.3).
In contrast, the majority of the work on the mechanical properties of magnesium-
zinc binary alloys appears to be on the as-cast condition [38, 63, 66, 77, 78, 139]. It
is surprisingly diﬃcult to locate information on the mechanical properties of these
alloys in the wrought condition. Clark [76] did use material supplied as bar and
foil and the samples used by Oh-ishi et. al. [84] were extruded. In the case of the
former it is likely these were formed by extrusion and rolling, respectively, but it is
impossible to know this for certain. In addition, the work on these wrought alloys
only focused on one zinc concentration, was not concerned with eﬀects from changes
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in zinc content and received diﬀerent processing prior to testing. It is therefore
unknown what trends exist in this alloy system as the zinc concentration is changed.
In the literature surrounding magnesium-zinc-rare earth alloys changes in the mech-
anical properties usually only consider a few of these factors. When altering the
concentration of a single alloying element this is generally done in multi-component
alloys with four or more elements present. Consequently, it is not completely clear
how the microstructure of magnesium-zinc alloys change as a result of adding small
additions of rare earth metals.
The strengthening mechanisms in magnesium-zinc-rare earth alloys are said to be
diﬀerent to alloys without rare earths [123]. However, this comparison was made
between magnesium-zinc-yttrium and AZ alloys. Given that AZ alloys are commonly
used it is understandable why this comparison was made. But to truly develop an
understanding of the changes taking place it is important to maintain commonality
across the alloys. For this reason the current work uses magnesium with two diﬀerent
zinc concentrations as both the base and control alloys.
The inﬂuence on mechanical properties due to the interrelationships of the micro-
structural features of texture, grain size, particles and recrystallisation will be the
focus of the current work. Alloys used will be from the magnesium-zinc system and
the eﬀect of adding small amounts of yttrium and gadolinium will be investigated.
These rare earth elements feature in many of the promising alloys in the literature.
The sources of improvements in mechanical properties will be investigated with a
focus on the particles present, and whether the particles play a direct or indirect
role on these properties will be addressed.
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Chapter 3
Experimental Procedures
The alloys selected and their compositions are outlined in Section 3.1, with the pro-
cedure for extrusion given in the section following. Sections 3.3 and 3.4 outline the
methods and equipment used for measuring the mechanical properties and recrys-
tallisation kinetics, respectively. This chapter concludes with a description of the
sample preparation, techniques and equipment used for examining the microstruc-
ture.
3.1 The Alloys
Six alloys were selected for the current study with Mg - x Zn - yRE (where x=2.5
or 5wt.%, y = 0 or 1wt. % and RE = Gd or Y) target alloy compositions. The
alloys were produced at the University of Queensland in mild steel crucibles in an
electric resistance furnace and using the cover gas AM-Cover®. Pure magnesium
was melted at 705 °C and then the alloying elements were added. The melt was
stirred and then held at temperature for 30 minutes. After this time the melt was
stirred again, the dross removed and then cast into steel ingot moulds preheated
to 250 °C. A chemical analysis of the alloys by inductively coupled plasma atomic
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emission spectroscopy (ICP-AES) provided by Spectrometer Services Pty. Ltd.,
Coburg, Victoria, Australia, is given in Table 3.1.
There is little diﬀerence in the zinc concentrations at each target zinc concentration
and there is only a small variation seen between the rare earth concentrations. A
change in samarium content from 0 to 2wt.% in an A5 alloy containing 3wt.%
calcium has been shown to increase the yield strength by only 33MPa [98] while
increasing the erbium content from 0 to 2wt.% in ZK21 was reported to have almost
no change in the alloy strength [140]. Therefore, these small diﬀerences seen in
Table 3.1 are not expected to aﬀect the comparitive analysis between the alloys.
Magnesium-zinc alloys with and without rare earth metal additions will be referred
to as the “rare earth” and “binary” alloys, respectively, throughout this thesis. The
rare earth metals chosen to address the question of the eﬀect adding rare earth
has on the structure and properties of magnesium - zinc alloys were yttrium and
gadolinium; both elements are from the yttrium rare earth subgroup. The two zinc
concentrations were used to observe how zinc concentration aﬀects the structure and
behaviour of the alloy systems. These will be referred to as Z2-based or Z5-based
alloys irrespective of the rare earth metal or level used.
Typical microstructures and average grain sizes of the as-received as-cast ingots will
be detailed in the results chapter on the alloy microstructures (Chapter 5).
3.2 Extrusion
30mm diameter billets for extrusion were cut from the as-cast ingots. These billets
were solution treated at 400 °C for 24 hours [23] in a ﬂowing argon atmosphere,
before quenching to room temperature in water.
Phase diagrams generated in Thermo-Calc from Thermo-Calc Software AB, Sweden,
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Table 3.1: Composition of magnesium alloys used in this work (balance magnesium).
Label Zn Gd Y
(wt. %) (at. %) (wt. %) (at. %) (wt. %) (at. %)
Z2 2.54 0.96 - - - -
Z5 5.35 2.06 - - - -
ZE21 2.53 0.96 0.94 0.15 - -
ZE51 5.14 1.99 0.91 0.15 - -
ZW21 2.68 1.02 - - 0.88 0.25
ZW51 5.07 1.96 - - 0.67 0.19
were used as an aid to determine the solidus for the binary alloys. The solidus was
shown to decrease with increased zinc concentration, so lower maximum extrusion
temperatures were used for the higher zinc alloys to prevent hot cracking.
Extrusion of the billets was carried out on a 350 kN servo-hydraulic MTS 810 ma-
terials testing frame (Figure 3.1). Prior to extrusion, the billets were sprayed with
Molybond lubricant (Molybdenum disulphide). Once the lubricant had dried, the
billets were placed in the pre-heated container. Each billet was held at the desired
extrusion temperature in the container for ﬁve minutes before being extruded into
8mm rod (reduction ratio of 14). After removing the extrudate from the extrusion
rig the extrudate was placed in water to complete the cooling to room temperature.
All ram speeds used were slow so cooling of the extrudate was essentially in air.
3.3 Mechanical Property Testing
To determine the mechanical properties, 75mm long tensile samples (Figure 3.2)
were machined from the extruded rods to have a 5mm diameter and an 18mm
gauge length, in accordance with the ASTM standard for mechanical testing [141].
The mechanical properties of the alloys were measured at room temperature on an
Instron 5567 Table Model testing system using a non-contact extensometer. An
initial strain rate of 10-3 mms-1 was used for all tensile tests.
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Figure 3.1: Set up for extrusion on the 350 kN MTS materials testing frame.
During each test the load (P ) on the sample and the displacement of the gauge
marks were converted to true stress and true strain. Calculation of the true strain
is determined by,
ε = ln
(
l
l0
)
(3.1)
where l and l0 are the instantaneous and initial lengths between the gauge marks.
For the true stress the relationship is,
σ = P
A
= Pl
A0l0
(3.2)
where A and A0 are the instantaneous and initial cross sectional areas perpendicular
to the applied load.
Another important parameter measured was the reduction of area. This is given by,
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Figure 3.2: Geometry of tensile specimens prior to testing.
RoA =
(
1 − Af
A0
)
× 100% (3.3)
where Af is the ﬁnal cross sectional area perpendicular to the applied load at the
point of necking.
3.4 Measurement of Recrystallisation Kinetics
A double-hit compression test (compression - anneal - compression) was used to
investigate the kinetics of recrystallisation [57]. Determining the recrystallisation
kinetics was made by changing the annealing time between two deformations. The
hardening response of each sample was then measured from the curve for the second
deformation by subtracting the peak stress (σp) of this curve from the yield stress (σy).
That is,
Hardening = σp − σy (3.4)
Hardening response was then plotted against annealing time to yield a typical sig-
moid plot as shown previously in Figure 2.10. For each alloy the time to 50%
hardening was read from these sigmoidal plots to give a quantitative value for the
recrystallisation kinetics.
Beer and Barnett [57] found a correlation between their results from double hit
hardening response (equation 3.4) and the metallographically measured recrystal-
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Figure 3.3: Conﬁguration of the MTS810 for hot compression testing.
lised volume fraction in AZ31. Therefore, this is a valid technique for measuring
recrystallisation kinetics. Also, it will be shown in Chapter 6 that all the alloys
recrystallise fully given suﬃcient annealing time. This means that prior dynamic
and static recovery did not prevent the alloys from fully recrystallising.
This is diﬀerent to the normal double-hit method which usually measures the dif-
ference between the steady state stress from the ﬁrst deformation and the yield
strength of the second [58, 142], and measures the softening that occurs during an-
nealing. The hardening response method described above was chosen due to a lack
of softening found in double-hit testing of another magnesium alloy (AZ31) [57], and
to improve the signal to noise ratio because the hardening was found to be greater
than the softening.
For this work, the MTS 810 materials testing frame was used once again, this time
conﬁgured for hot compression testing (Figure 3.3). Heating elements within both
the upper and lower platens allowed the platens and sample to be heated to 400 °C,
with the temperature being controlled by the thermocouple attached to the top
platen. Flowing water recycled through a chiller and holding tank was used to
protect the load cell and hydraulic ram from the heat of the hot compression platens.
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All samples used for this work were sectioned from 8mm diameter extrudate to yield
samples 12mm high × 8mm diameter.
3.5 Microscopy and Sample Preparation
3.5.1 Optical Microscopy
Sections were cut from the extrudate and mounted in epoxy resin with the sample
oriented parallel to the extrusion direction (Figure 3.4). The samples were then
ground to almost half the extrudate thickness on a Struers Rotopol-1 using a coarse
grit sandpaper. This was followed by further grinding on sequentially ﬁner grades of
sand-paper to 1200 grit and then polished on either a Struers Rotopol or Tegrapol
using Struers combined lubricant and polishing media solutions. Since a number of
the samples contained particles it was found that the best polishing results came
from using 9μm and 3μm diamond suspensions, ﬁnishing with OPS colloidal silica
suspension.
In preparation for optical microscopy the polished samples were etched to reveal
grain boundaries and precipitates using acetic picral (see Table 3.2). Most op-
tical microscopy was carried out on an Olympus BX51M microscope ﬁtted with an
Olympus DP70 digital camera. Due to the large as-cast grain size of the alloys, an
Olympus ColorView IIIu digital camera attached to an Olympus SZX12 macroscope
was used to capture the images necessary for measuring these grain sizes. Unless
otherwise indicated, the optical micrographs of the extruded samples in this thesis
are oriented with the extrusion direction horizontal to the page.
Images were analysed using ImageJ [143]1 to determine grain size, percent recrys-
tallisation and percent precipitate. A grid was overlaid on top of the image and
1Downloaded from the National Institute of Health, USA, web-site
(http://rsbweb.nih.gov/ij/download.html)
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Figure 3.4: Sectioning of the extrudate for optical and electron microscopy.
the linear intercept method used to measure grain size. The grid was also used to
determine the recrystallisation and precipitate percentages using the point counting
method.
3.5.2 Scanning Electron Microscopy
In preparation for imaging in the scanning electron microscopes, optical microscopy
samples were re-polished to produce an unetched surface. The surfaces were then
re-etched, but this time using 5% Nital etchant (Table 3.2). All exposed epoxy resin
surfaces of the mounted samples were painted with silver paint to prevent charge
buildup during examination and were stored under vacuum for at least 12 hours prior
to being introduced into the scanning electron microscope. All scanning electron
micrographs in this thesis are oriented with the extrusion direction horizontal to the
page.
Preparation for electron back-scatter diﬀraction (EBSD) analysis was similar to
that outlined above. Following polishing, the surfaces were etched using the EBSD
etchant (Table 3.2). Due to the surface quality requirements for this analysis tech-
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Table 3.2: Etchants used in the current work. Where percentages are given these
are by volume.
Etchant Recipe
5% Nital 5% Nitric acid
95% Ethanol
Acetic Picral
6 g Picric acid
100ml ethanol
5ml acetic acid
10ml water
EBSD
5% Nitric acid
15% Acetic acid
20% Water
60% Ethanol
nique, extra care was taken to ensure the best possible surface was prepared.
A purpose built aluminium mount was used to ensure the sample surface was kept
parallel with the microscope stage (Figure 3.5). This allowed bulk texture data to
be gathered over a large area using a matrix mapping procedure.
Scanning electron microscopy was carried out using a Zeiss LEO 1530, and a Zeiss
SUPRA 55 VP.
3.5.3 Transmission Electron Microscopy
Preparation of samples for the transmission electron microscope began with 0.5mm
discs being cut from the extrudate perpendicular to the extrusion direction using a
Struers Accutom 50 (Figure 3.4). These were then ground and polished to a thickness
of approximately 150μm before being punched out into 3mm discs. The discs were
further polished to a thickness of 50 - 60μm ﬁnishing on a 4000 grit sandpaper. Final
preparation to produce an electron transparent region was carried out in a model
691 Gatan precision ion polishing system.
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Figure 3.5: Purpose built sample holder to ensure the surface of samples is parallel
to the EBSD camera. The sample is placed in the part A and held in place with the
part B. Finally, part C - which has a dove-tail for attaching the holder to the SEM
stage - is attached.
The transmission electron microscope used to examine these samples was a Jeol
JEM-2100. This microscope was used for both imaging the samples and conduct-
ing energy dispersive spectroscopy (EDS) measurements. All transmission electron
micrographs in this thesis are oriented looking down the extrusion direction.
Chapter 4
Mechanical Properties of
Extruded Mg-Zn-RE Alloys
In this chapter, the mechanical properties of magnesium-zinc binary alloys over two
zinc concentrations will be measured under the same processing conditions. In this
way, a base-line for the behaviour and trends of these alloys can be established
against which magnesium-zinc-rare earth alloys may then be compared.
Secondly, the tensile mechanical behaviour of two, Mg-Zn-Gd and Mg-Zn-Y alloys
will be presented. The experimental method will be outlined in Section 4.1, followed
in Section 4.2 with the ﬂow curves and results from these measurements.
4.1 Method
The six alloys selected for this work were prepared and extruded at the temperatures
shown in Table 4.1 at a ram speed of 0.1mms-1. A range of temperatures were chosen
for extrusion to observe how this parameter would aﬀect the mechanical properties.
Limitations imposed by the load capacity of the extrusion equipment and the hot
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Table 4.1: Extrusion temperatures for main alloys.
Alloy Extrusion temperatures (°C)
Z2 265, 400
Z5 265, 400
ZE21 280, 400, 500
ZE51 280, 400, 420
ZW21 300, 400, 450
ZW51 300, 400, 420
working ﬂow stress of the alloys determined the lowest extrusion temperature that
could be used for each alloy. At the other extreme, the maximum temperature for
each alloy was selected to avoid hot cracking of the extrudate surface. This was done
using phase diagrams generated from the software ThermoCalc in conjunction with
an allowance for deformation heating. A common temperature of 400 °C was also
chosen to allow for a comparison of the alloys under identical extrusion conditions.
Tensile samples were machined from the resulting 8mm diameter extrudate and
tested using a cross-head speed of 10-3 mms-1. These tensile results are averaged
over three successful (that is, the samples failed between the gauge marks) tests for
each condition of extrusion temperature and alloy composition. Due to the small
sample set for each condition of alloy and extrusion temperature, the error bars in
this chapter show the range in the results.
4.2 Results
Representative ﬂow curves for the alloys are shown in Figures 4.1 to 4.3 and a
summary of the mechanical properties from these curves given in Table 4.2. In
general, the following observations can be made from the ﬂow curves:
1. All curves exhibit work hardening and very little post uniform elongation.
4.2. RESULTS 65
2. Increasing the Zn concentration of the binary alloys results in an increase in
the yield strength yet the ductility remains comparable.
3. For the Z2 alloys, adding Gd increases the yield strength and decreases the
ductility. A similar trend is seen when Y is added to Z2, however the ductility
appears slightly more reduced.
4. For the Z5 alloys, the mechanical properties do not appear to be greatly inﬂu-
enced by the addition of Gd; only a slight reduction in ductility is observed.
The addition of Y only slightly increases the yield strength and slightly reduces
the total elongation.
5. Changes in the extrusion temperature only seems to inﬂuence the mechanical
properties of the Z2 alloys with rare earth additions, whereby higher extrusion
temperature results in lower strength (both yield and ultimate tensile strength)
and a slightly increased ductility.
4.2.1 Tensile Strength and Ductility
The data presented in Table 4.2 are plotted in Figures 4.4 (Tensile strength) and 4.5
(Ductility) for a more detailed comparison between the alloys.
Considering the samples extruded at 400 °C, it can be seen there is little diﬀerence
in the ultimate tensile strength (UTS) between the alloys except Z2 (Figure 4.4a).
For most alloys, the UTS falls within a range of ~±20MPa about an average of
284MPa. The UTS of Z2 is approximately 50MPa lower than the other alloys.
Comparing the binary alloys reveals the yield strength (YS) and UTS increase by
30MPa and 40MPa, respectively, by increasing the zinc concentration.
Adding Gd to the Z2 alloy increases the YS by almost 90MPa, but the increase in
UTS is only 50MPa. Similarly, when Y is added the increase in YS is also greater
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(a) True stress vs. true strain for Z2 at diﬀerent extrusion temperatures.
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(b) True stress vs. true strain for Z5 at diﬀerent extrusion temperatures.
Figure 4.1: Room temperature tensile behaviour of the Mg - Zn alloys.
4.2. RESULTS 67
0.00 0.05 0.10 0.15 0.20 0.25
0
50
100
150
200
250
300
350
Te
ns
ile
 s
tre
ss
 (M
P
a)
Tensile strain (mm/mm)
 280°C
 400°C
 500°C
ZE21
(a) True stress vs. true strain for ZE21 at diﬀerent extrusion temperatures.
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(b) True stress vs. true strain for ZE51 at diﬀerent extrusion temperatures.
Figure 4.2: Room temperature tensile behaviour of the Mg - Zn -Gd alloys.
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(a) True stress vs. true strain for ZW21 at diﬀerent extrusion temperatures.
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Figure 4.3: Room temperature tensile behaviour of the Mg - Zn -Y alloys.
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(a) Extrusion at 400 °C.
(b) Eﬀect of extrusion temperature.
Figure 4.4: Tensile strengths of the alloys.
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than the increase in UTS. The increase in YS is greater for Y than Gd, yet the
resulting UTS values are similar. In contrast, adding Gd to the Z5 alloy shows no
change in either YS or UTS. Y additions give 13MPa and 8MPa increases in YS
and UTS, respectively.
Increasing the extrusion temperature has no eﬀect on the yield strength of Z2 up to
400 °C (Figure 4.4b). Adding rare earth elements to Z2 signiﬁcantly increases the
yield strength, but this eﬀect diminishes as the extrusion temperature increases. The
yield strength of the Z5-based alloys show little change with extrusion temperature.
The ductile behaviour of the alloys is shown in Figure 4.5. Raising the level of the
Zn in the binary alloys increases the uniform elongation but makes no diﬀerence to
the total elongation. Correspondingly, the post-uniform elongation and reduction
in area are reduced.
For the Z2 alloy, adding Gd lowers all the measures for ductility. The same trend
is seen when Y is added to Z2 but the reduction in ductility is larger. Adding Gd
and Y to Z5 again reduces the ductility, but the reductions in ductility are lower.
Another diﬀerence between the Z2-based and Z5-based alloys is the post-uniform
elongation is lower in the Z2-based alloys and higher in the Z5-based alloys when
the rare earths are present. Of note is that the post-uniform elongation with respect
to the reduction in area of Z5 is unusually low compared to the other alloys.
Extrusion temperature also has an eﬀect on the ductility. The binary alloys and
the Z5 alloys with rare earth metals added all show a reduction in ductility with
increasing extrusion temperature (Figure 4.5c). In contrast, over the same temper-
ature range, the general trend for the Z2 alloys with rare earth metals added is of
increasing ductility.
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(a) Uniform and total elongation to failure. Extrusion temperature 400 °C.
(b) Post-uniform elongation and reduction of area. Extrusion temperature 400 °C.
Figure 4.5: Ductile behaviour of the extruded alloys.
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(c) Eﬀect of extrusion temperature on total elongation. The uniform elongation behaviour of
the alloys with respect to the extrusion temperature is the same as for the total elongation.
Figure 4.5: Ductile behaviour of the extruded alloys continued.
4.3 Discussion
The focus of this discussion is on changes in the mechanical properties as a con-
sequence of changing extrusion conditions and alloying. The combinations of mech-
anical properties achieved are compared with literature values. Microstructural
development will be examined in subsequent chapters.
The results generally show that the elements used in the alloys have more inﬂuence
on the mechanical properties than the extrusion temperature. Notable exceptions
to this are the Z2-based rare earth alloys which show a reduction in strength and
increase in ductility with increasing extrusion temperature. In addition, diﬀerences
are apparent between the mechanical behaviour of the binary alloys and those with
rare earth metals added. In the following it is shown that a full understanding of
the present observations requires detailed microstructure characterisation.
74 CHAPTER 4. MECH. PROPS. OF EXTRUDED MG-ZN-RE ALLOYS
4.3.1 Composition
The way in which zinc inﬂuences the mechanical behaviour is diﬀerent depending
on whether or not rare earth metals are present. Considering the case for the binary
alloys ﬁrst, doubling the zinc concentration from 2.5wt.% to 5wt.% yields increases
in the strength (both UTS and YS) and uniform elongation. The total elongation
remains constant so there is a corresponding decrease in the post-uniform elongation.
The behaviour is diﬀerent in the rare earth alloys. Both uniform and total elongation
increase with the increase in zinc content, but the YS and UTS decrease. These
trends - when the zinc level is increased - are interesting because a small addition
of rare earth produces behaviour which is the opposite of the behaviour without
rare earth. As will be shown in the next chapter, particles form in these alloys
and varying degrees of recrystallisation are present. The explanation for the above
behaviour is not simple.
Comparing the ductility of the Z2-based rare earth alloys with their Z5-based coun-
terparts reveals the uniform elongation is lower in Z2-based alloys (Figure 4.5a),
but the post uniform elongation remains the same in Z2 and Z5-based alloys (Fig-
ure 4.5b). While the latter suggests the mechanism of failure is similar in both
Z2-based and Z5-based alloys, the former indicates the microstructure of the Z2-
based alloy samples can not accommodate as much plastic deformation before failure
begins.
When the work hardening increment (σUTS − σY S) with respect to the extrusion
temperature is compared (Figure 4.6), the alloys separate into two main groups.
The work-hardening increment is signiﬁcantly lower in the Z2-based rare earth alloys
compared with the others. This low capacity for work hardening can be understood
in part in terms of the low degree of recrystallisation in these alloys. This is discussed
further in Chapter 5.
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Figure 4.6: Inﬂuence of extrusion temperature on the work hardening behaviour.
4.3.2 Eﬀect of Extrusion Temperature
From Figure 4.4b it can be seen that the yield strengths of Z2, Z5 and the Z5-based
rare earth alloys do not change signiﬁcantly with extrusion temperature. Either the
factors aﬀecting the strength of the alloys are not temperature sensitive, or there is
a balance between the changes in the microstructure which have both a positive and
negative inﬂuence on the strength. In contrast, for the Z2-based rare earth alloys
the strengthening eﬀect from the addition of the rare earth metals diminishes as the
extrusion temperature is raised. This means that when rare earth metals are present,
processes aﬀected by temperature play a role in the mechanical properties. As a
consequence of the higher temperature, the microstructure is expected to contain
larger recrystallised grains, a higher percentage of recrystallised grains, and particle
coarsening [26, 35, 57]. Each of these would result in a lowering of the yield strength.
Of all the alloys tested in the current work the composition of ZW51 falls inside
the window where i-phase particles may form [119], and it will be shown in the next
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chapter that particles with stoichiometries consistent with the i-phase were found
in this alloy. Closer inspection of Figure 4.4b shows that this alloy exhibits a small
increase of the yield strength with increasing extrusion temperature. This may be
linked to the i-phase in some way, but how is not clear and the eﬀect does not appear
to be major.
The ductile behaviour of the rare earth alloys follows typical behaviour. That is,
with changing extrusion temperature the ductility increases when strength decreases
and vice versa. In contrast to this the binary alloys show a decrease in ductility with
no change or a slight decrease in the strength.
4.3.3 Property Combinations
Similar to other alloys reported in the literature [6, 10], the strength - ductility
relationship approximates a banana-like curve (Figure 4.7a). The Z2-based alloys
make up the extremes (the binary alloys at one end and the rare earth alloys at
the other) while the Z5-based alloys are clustered together in between the alloys
containing less zinc. However, although the gauge length to diameter ratio of the
tensile samples in the current work is the same as those for magnesium-zinc-rare
earth alloys in the literature, these results do not exhibit the excellent combinations
of strength and ductility expected from the literature (Figure 4.7b). Under the
conditions used, the current alloys match the properties expected for alloys without
rare earth metals present.
Figure 4.8 compares the yield stress to the peak load measured during extrusion.
For practical use, the best combination of properties is located in the top left of the
graph. Lower peak loads indicate the alloy can be extruded faster (at a constant
extrusion temperature) with an associated improvement in productivity. A higher
yield stress means the alloy will be stronger in service. From Figure 4.8, the best
performing alloy is ZW21 because it maintains a high yield strength over the range
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(a) Current work.
(b) Comparison with the literature [10, 23, 144].
Figure 4.7: Ductility - strength relationship.
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Figure 4.8: Inﬂuence of the extrusion temperature on extrusion load and yield
strength.
of extrusion temperatures.
Since the alloys used in this thesis do not show any trend toward the particularly
favourable properties anticipated from the literature, two further Mg-Zn-RE alloys
(where RE = Gd and Y) with compositions taken from the literature [23] were
cast, as described in Section 3.1. The composition of these two additional alloys
are provided in Table 4.3. When these alloys are extruded under the common
conditions used for the alloys in the current work (that is, extrusion temperature:
400 °C; ram speed: 0.1mms-1; and reduction ratio of 14:1) they likewise exhibit the
same strength-ductility relationship (Figure 4.9).
The two additional alloys were then extruded under conditions more closely re-
sembling those of the alloys in the literature (Table 4.4). To distinguish between
the two extrusion conditions, the conditions outlined in Section 3.2 (Ram speed =
0.1mms-1, reduction ratio = 14:1, etc.) will be referred to as extrusion condition 1
from this point forward and the conditions given in Table 4.4 will be referred to as
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Table 4.3: Composition of the two additional alloys (balance magnesium). Analysis
provided by Spectrometer Services Pty. Ltd.
Label Zn Gd Y(wt. %) (at. %) (wt. %) (at. %) (wt. %) (at. %)
ZE63 6.22 2.47 3.06 0.51 - -
ZW62 6.39 2.51 - - 2.09 0.60
Table 4.4: Changes to extrusion parameters.
Temperature 200 °C
Ram speed 0.2mm s-1
Initial diameter 20mm
Final diameter 5mm
Reduction ratio 16
Figure 4.9: Comparison of all alloys extruded under the common conditions.
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extrusion condition 2. When extruded under extrusion condition 2 there is a not-
able increase in the strength in the two additional alloys with a modest reduction in
ductility (Figure 4.10a). Following this result, the six main alloys of this work were
also extruded under extrusion condition 2. Comparing Figures 4.10a and 4.10b a
similar relationship between yield strength and total elongation to the two additional
alloys is observed in the main six alloys.
All the alloys - including the binary alloys - show an improvement in the strength
with a minor decrease in ductility. In all cases the mechanical properties move
closer to those of the Mg-Zn-RE alloys in the literature but are still inferior. In
the microstructural analysis presented in the next chapter there is evidence that the
structure of the particles before extrusion strongly inﬂuence the extruded micro-
structure. Additionally, the grain boundaries in the billet prior to extrusion are
nucleation sites for recrystallisation [35]. So, the billet grain size has an impact
on the extrudate microstructure and mechanical properties. Information of the
pre-extruded microstructure is not given in the literature so it is not possible to
determine if this is the reason for the diﬀerence between the results of the current
work and the literature.
Another possible source of diﬀerence between the alloys in the literature and the
current alloys is that the ﬁnal stage of cooling to room temperature in this thesis
was by quenching in water following removal of the extrudate from the extrusion rig.
The alloys in the literature may not have received additional cooling and were only
cooled in air. In comparison to the alloys in the current work, this may have allowed
a more complete recrystallisation of the alloys with the likely result of enhancing
the ductility. It will be shown in the next chapter that some of the alloys in the
current work exhibited incomplete recrystallisation.
Note that strain rate and temperature are changed under the extrusion conditions
used in this thesis and these two parameters are known to have an inﬂuence on
microstructural development and hence mechanical properties [25, 35]. Therefore,
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(b) Alloys from the current work [23].
Figure 4.10: Inﬂuence of extrusion conditions on the strength-ductility relationship.
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to compare the eﬀect of strain rate for the alloys across the range of extrusion tem-
peratures a temperature modiﬁed strain rate (the Zener-Hollomon parameter(Z)) is
needed. This is given by [25, 35, 57],
Z = ε˙eQdef/RT (4.1)
where Qdef is the activation energy for deformation (taken as the activation energy
for self-diﬀusion (134 kJ mol−1) [57, 145]), R is the gas constant (8.317 J mol−1 K−1)
and T is the absolute temperature. Use of the activation energy for self-diﬀusion is a
reasonable assumption given the alloys are high in solute. Diﬀusion of the solutes in
the magnesium alloys is likely to be the rate controlling factor. The average strain
rate
(
¯˙ε
)
during extrusion is calculated using [146],
¯˙ε = 4vD2b tanα
(
2
3m ln (R)
(( 1
De
)3m
−
( 1
Db
)3m))1/m
(4.2)
where v is the ram speed, R is the reduction ratio, α is the angle of the dead-ﬂow
zone (77 ° [146]), Db and De are the billet and extrudate diameters, respectively, and
m the strain rate sensitivity (0.12 [146]). The Zener-Hollomon parameters for all the
extrusion conditions used in the current work are given in Table 4.5.
From equations 4.1 and 4.2 the ram speed, billet diameter and reduction ratio -
parameters aﬀecting the average strain rate - have an inﬂuence on Z, but the most
signiﬁcant changes in Z are due to changes in temperature. Therefore, Figure 4.11
shows the eﬀect of temperature on the yield strength across all extrusion conditions,
but still incorporates the inﬂuences on the average strain rate.
When extruded at the lowest temperature (200 °C) the increase in yield strength
with decreasing extrusion temperature continues for the Z2-based rare earth alloys
(Figure 4.11). In contrast, the binary and Z5-based rare earth alloys which show
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Table 4.5: Zener-Hollomon parameters for the extrusion conditions used in the cur-
rent work. From equation 4.2, the average strain rates are 0.5 s−1 and 1.5 s−1 for
extrusion condition 1 and 2, respectively.
Extrusion temperature
(°C)
Alloys extruded
at this
temperature
Zener-Hollomon parameter
(s−1)
Extrusion condition 1
265 Z2, Z5 4.6 × 1012
280 ZE21, ZE51 2.0 × 1012
300 ZW21, ZW51 7.3 × 1011
400 All alloys 1.1 × 1010
420 ZE51, ZW51 5.6 × 109
450 ZW21 2.1 × 109
500 ZE21 5.1 × 108
Extrusion condition 2
200 All alloys 9.4 × 1014
Figure 4.11: Eﬀect of the temperature modiﬁed strain rate on yield strength. Unless
otherwise indicated the samples were extruded with a reduction ratio of 14:1 and a
ram speed of 0.1mms−1. The extrusion temperatures are also shown.
84 CHAPTER 4. MECH. PROPS. OF EXTRUDED MG-ZN-RE ALLOYS
little change with extrusion temperature at the higher temperatures (lower Z values),
have a step increase in the yield stress when extruded at 200 °C (high Z). This
suggests a signiﬁcant reduction in grain size and/or volume fraction recrystallised.
Two important behaviours are of note. First, compared to the alloys extruded at
400 °C, the yield strengths of the Z5 rare earth alloys extruded at 200 °C are much
closer to the yield strengths of the Z2 based alloys. Secondly, although the strength
of the Z2 alloy lags below the other alloys, the strength in the Z5 alloy (which is
also a rare earth free alloy) is not much lower than that of the alloys containing rare
earth metals. Z5 can be considered to be competitive to the rare earth alloys when
processed under high Z conditions.
4.4 Summary
This chapter has focused on the mechanical behaviour of magnesium-zinc-rare earth
alloys and examined the eﬀect of changes in composition and processing. The dif-
ferences between the results in the current work and those in the literature led to
further testing which more closely matched the extrusion conditions found in the
literature.
It was found adding rare earth metals to magnesium - zinc alloys results in changes
in the mechanical behaviour as zinc concentration is changed. Also, the zinc con-
centration of the rare earth alloys aﬀects the mechanical properties with respect to
the extrusion temperature. The main ﬁndings from the work in this chapter are:
1. Increasing the zinc concentration in the binary alloys raises the yield strength.
2. Adding rare earth metals to Z2 results in large increases in the yield strength
with corresponding decreases in the ductility.
3. Raising the zinc concentration of the rare earth alloys causes the yield strength
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to decrease with an increase in ductility.
4. The yield strengths in the binary and Z5-based rare earth alloys are generally
unaﬀected by extrusion temperature, except for a signiﬁcant increase in the
yield strength when extruded at 200 °C. Z2-based rare earth alloys exhibit a
steady increase in yield strength with decreasing extrusion temperature across
the range of extrusion temperatures used in the current work.
5. The strengths of Z5 and the Z5-based rare earth alloys are comparable to
those of the Z2-based rare earth alloys when extruded at high Z values. When
ductility is taken into consideration, the rare earth free Z5 is competitive to
the rare earth alloys.
Throughout this chapter the properties have been shown to change due to changes in
alloy composition and processing. These eﬀects are complex and most likely related
to diﬀerences in the developed microstructure. To further understand these alloys
and clarify the sources of the mechanical behaviour observed the microstructural
changes will be examined in the next chapter.
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Chapter 5
The Microstructure
The previous chapter examined the inﬂuence of extrusion temperature and alloy
composition on the mechanical properties of magnesium-zinc based alloys. To un-
derstand and explain these properties, knowledge of the microstructure is required.
In Sections 2.2.1 and 2.4.3 it was shown that grain size plays an important role
in determining the mechanical properties. For magnesium alloys grain reﬁnement
is known to increase strength [25, 26, 41, 42, 147] and ductility [39, 51]. Adding
rare earth metals has been shown to result in reﬁned recrystallised grain sizes [17,
91, 117, 119, 122, 132]. However, rare earth additions have also been reported to
restrict recrystallisation, and the inﬂuence of volume percent recrystallised on the
mechanical properties is not clear [62, 101].
The alloys in the current work are expected to contain particles. Increasing the alloy
content - in particular adding rare earth metals - has been shown to form particles
in the matrix [23, 76, 79, 92, 114, 116–118]. After deformation, these particles (es-
pecially the large particles) will be broken up and redistributed throughout the
matrix [45]. These particles can inﬂuence the mechanical properties by aﬀecting the
grain size [35, 36], providing crack initiation sites [46–48], inﬂuencing recyrstallisa-
tion [35] and impeding slip [25, 30, 45].
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In this chapter, the microstructures of the alloys - in particular the recrystallised
grain size, percent recrystallised and the presence of particles - will be examined and
their evolution explained. The as-cast, homogenised and extruded microstructures
will be interpreted in succession. Since the mechanical properties measured in the
previous chapter were from extruded samples, the main focus of this chapter is on
the microstructures in these extruded samples. Diﬀerences in the microstructures
will then be related back to explain diﬀerences in the mechanical properties.
5.1 Method
Specimens were taken from the extrudate used in the previous chapter and ana-
lysed using optical and scanning electron microscopy (as described in Section 3.5).
Samples were also prepared from the as-cast alloys and homogenised samples for
optical microscopy.
The as-cast and the heat-treated grain sizes were measured from macroscope images
while microscope images were used to measure the extruded recrystallised grain sizes,
volume fraction recrystallised and the volume percentage of large particles. All
grain sizes were measured by the linear intercept method, while the percentages of
recrystallisation and particle volume were determined by the point counting method.
All scanning electron micrographs were taken using the secondary electron detector
at accelerating voltages between 10 and 20 kV . The transmission electron micro-
scope (TEM) images are all in bright ﬁeld using an accelerating voltage of 200 kV .
These TEM images are from the perspective of looking down the extrusion direction.
EDS on the TEM was used to determine the elements present in the particles and
to analyse the matrix compositions.
Bulk texture measurements were carried out on the samples extruded at 400 °C
using an 8 × 3 matrix of EBSD maps across the samples. Each map consisted of a
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50 × 50 grid of data points collected at a step size of 10μm and mapped an area of
0.5mm×0.5mm. Combining the maps allowed an area 4mm × 1.5mm to be used
to gather the bulk texture information. That is, a 1.5mm band stretching from the
centre of the extrudate to the surface.
5.2 Results
5.2.1 Initial Microstructures
Figure 5.1 shows the as-cast microstructures for the alloys. In general, the increase in
zinc increases the amount of particles present and the particles are coarser. With the
increase in the amount of particles there also appears to be an associated reduction
in the as-cast grain size. Some twinning is present, but it is not extensive.
Addition of rare earth metals to the binary alloys is also seen to increase the amount
of the particles present in the alloys. However, in contrast to the eﬀect of increasing
zinc, the addition of the rare earth alloying elements serve to increase the as-cast
grain size. This is readily seen in the Z2-based alloys, but is also apparent in the
Z5-based alloys.
A dendritic structure is apparent in ZW21 (Figure 5.1e) and these particles may have
nucleated and begun to grow as the melt was solidifying or after solidiﬁcation, in
regions of interdendritic segregation. The more random distribution of the particles
in Z5, ZE21 and ZW51 indicates these particles may have formed after solidiﬁcation.
ZE51 has a predominantly random distribution of particles, but there is the dendritic
alignment of some particles that indicate these may have formed from the melt or
after solidiﬁcation, in regions of interdendritic segregation.
Microstructures of the alloys, following heat-treating at 400 °C for 24 hours and
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(a) Z2 (b) Z5
(c) ZE21 (d) ZE51
(e) ZW21 (f) ZW51
Figure 5.1: As-cast microstructures.
5.2. RESULTS 91
quenching, are given in Figure 5.2. It will be shown in Section 5.2.2.2 that the
average grain size in some of the alloys were measured to be smaller in the heat-
treated samples compared to the as-cast, but they are comparable in size. Twins in
the microstructure are also more obvious (presumably these formed in consequence
of thermal stresses during quenching). The most notable change is in the amount
of particles present. In comparison to the as-cast condition, the volume fraction of
particles is lower meaning that the particles are not thermally stable and dissolve
into the matrix. The signiﬁcance of this is that after heat-treating there is the
possibility of forming precipitates given suﬃcient time and temperature.
Greater detail of the particles present in the rare earth alloys is shown in Figure 5.3.
Two types of particle are evident in all four alloys. First are the lines of very ﬁne
particles and second are coarse grain boundary eutectic particles. Comparing the
Z2-based and Z5-based rare earth alloys, the former contain more very ﬁne particles
(Figure 5.3) while the latter contain more of the coarse particles (Figure 5.2).
5.2.2 Extruded Structure
In this section, the extruded structure results will be presented from the macroscale
through to the nanoscale. During this process, the degree of recrystallisation, re-
crystallised grain size, texture and structure compositions will also be presented for
each alloy.
5.2.2.1 Recrystallisation
Optical micrographs showing the microstructures resulting from the diﬀerent alloy
compositions and extrusion temperatures are given in Figures 5.4 to 5.9. These low
magniﬁcation images of the extrudate are at the same magniﬁcation. In general, the
recrystallisation in the alloys is higher at the edges than toward the centre of the
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(a) Z2 (b) Z5
(c) ZE21 (d) ZE51
(e) ZW21 (f) ZW51
Figure 5.2: Microstructures of the cast alloys heat-treated at 400 °C for 24 hours
and then quenched.
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(a) ZE21
(b) ZW21
Figure 5.3: Particles in the heat-treated rare earth alloys.
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(c) ZE51
(d) ZW51
Figure 5.3: Particles in the heat-treated rare earth alloys continued.
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extrudate. Also, from the elongation of the unrecrystallised grains in the extrusion
direction the ﬂow of the alloys in the direction of extrusion, can be seen in the
microstructure.
For the binary alloys:
• Increasing the extrusion temperature resulted in a higher degree of recrys-
tallisation, with fewer elongated grains remaining in the microstructure (Fig-
ures 5.4 and 5.5).
• Very few particles are present.
For the Z2-based rare earth alloys:
• The degree of recrystallisation is low.
• There is no apparent change in the degree of recrystallisation with extrusion
temperature except for the sample extruded at 500 °C. At this temperature
the percentage of recrystallisation has increased (Figure 5.6c).
• In the alloy containing yttrium, extrusion temperature does not appear to
aﬀect the amount or size of the particles (Figure 5.7).
For the Z5-based rare earth alloys (Figures 5.8 and 5.9) very little recrystallisation
is evident, but the recrystallisation percent increases as the extrusion temperature
is raised.
Changes in the recrystallisation percentages of the alloys, measured from Figures 5.4
to 5.9, are shown in Figure 5.10. The following observations are made from these
recrystallisation data:
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Binary Alloys
(a) Extruded at 265 °C (b) Extruded at 400 °C
Figure 5.4: Extruded macrostructures for the Z2 alloy.
5.2. RESULTS 97
(a) Extruded at 265 °C (b) Extruded at 400 °C
Figure 5.5: Extruded macrostructures for the Z5 alloy.
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Z2-based Rare Earth Alloys
(a) Extruded at 280 °C (b) Extruded at 400 °C
Figure 5.6: Extruded macrostructures for the ZE21 alloy.
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(c) Extruded at 500 °C
Figure 5.6: Extruded macrostructures for the ZE21 alloy continued.
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(a) Extruded at 300 °C (b) Extruded at 400 °C
Figure 5.7: Extruded macrostructures for the ZW21 alloy.
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(c) Extruded at 450 °C
Figure 5.7: Extruded macrostructures for the ZW21 alloy continued.
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Z5-based Rare Earth Alloys
(a) Extruded at 280 °C (b) Extruded at 400 °C
Figure 5.8: Extruded macrostructures for the ZE51 alloy.
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(c) Extruded at 420 °C
Figure 5.8: Extruded macrostructures for the ZE51 alloy continued.
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(a) Extruded at 300 °C (b) Extruded at 400 °C
Figure 5.9: Extruded macrostructures for the ZW51 alloy.
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(c) Extruded at 420 °C
Figure 5.9: Extruded macrostructures for the ZW51 alloy continued.
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Figure 5.10: Eﬀect of extrusion temperature and alloy composition on recrystallised
volume fraction. Lines are drawn to guide the eye. Error bars show data range from
measurements.
• The fraction recrystallised in the binary alloys is consistently higher than in
the rare earth alloys and supports the ﬁnding that rare earth metals retard
recrystallisation [62, 101].
• The recrystallisation behaviour in the Z2-based rare earth alloys is diﬀerent to
the other alloys. For the extrusion temperatures between 280 °C and 450 °C
there is no change in the recrystallisation of these alloys. Both the binary and
Z5-based rare earth alloys show an increase in recrystallisation with extrusion
temperature.
5.2.2.2 Grain Size
Higher magniﬁcation of the recrystallised regions of the extrudate are given in Fig-
ures 5.11 to 5.16. Note that the magniﬁcation of these micrographs of the recrys-
tallised regions generally decrease at high extrusion temperature as larger grain
sizes are developed. The measured grain sizes for the as-cast, heat-treated and the
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extruded microstructures are given in Figure 5.17.
The grain sizes in the as-cast and the heat-treated conditions are very large (Figure
5.17a). Consequently, this yielded small grain size datasets, so given the small
diﬀerences measured between the two conditions (Figure 5.17a) conclusions can not
be drawn on grain size changes from the former condition to the latter. However,
the basic trends seen in the as-cast condition do carry over into the heat-treated
samples. The following observations are made:
• Increasing the concentration of zinc in the alloys has the expected eﬀect of
reducing the average as-cast grain size [38].
• The as-cast and the heat-treated grain sizes are larger in the rare earth alloys
than in the binary alloys(Figure 5.17a).
As expected, the recrystallised grain sizes of the alloys extruded at 400 °C are sig-
niﬁcantly smaller than the as-cast and the heat-treated grain sizes (Figure 5.17b).
It can be observed that:
• The binary alloys have the largest recrystallised grain size.
• Z2-based rare earth alloys have the ﬁnest recrystallised grain size while the
grain sizes in the Z5-based rare earth alloys fall between these and the binary
alloys.
Extrusion temperature can also be seen to inﬂuence the extruded grain size (Fig-
ure 5.17c). It is clear that:
• For all alloys, the recrystallised grain sizes increase with higher extrusion tem-
peratures.
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(a) Extruded at 265 °C
(b) Extruded at 400 °C
Figure 5.11: Extruded microstructures for the Z2 alloy.
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(a) Extruded at 265 °C
(b) Extruded at 400 °C
Figure 5.12: Extruded microstructures for the Z5 alloy.
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(a) Extruded at 280 °C
(b) Extruded at 400 °C
(c) Extruded at 500 °C
Figure 5.13: Extruded microstructures for the ZE21 alloy.
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(a) Extruded at 300 °C
(b) Extruded at 400 °C
(c) Extruded at 450 °C. The large grains are possibly post-
deformation recrystallised grains growing into unrecrystal-
lised grains and thus produces the bimodal structure.
Figure 5.14: Extruded microstructures for the ZW21 alloy.
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(a) Extruded at 280 °C
(b) Extruded at 400 °C
(c) Extruded at 420 °C
Figure 5.15: Extruded microstructures for the ZE51 alloy.
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(a) Extruded at 300 °C
(b) Extruded at 400 °C
(c) Extruded at 420 °C
Figure 5.16: Extruded microstructures for the ZW51 alloy.
114 CHAPTER 5. THE MICROSTRUCTURE
• The binary alloys have the largest increase in grain size with extrusion tem-
perature. Rare earth additions enable smaller grain sizes to be maintained
when extruded at higher temperatures.
• Over the temperatures examined, the grain sizes in the Z2-based rare earth
alloys are smaller than in the Z5-based rare earth alloys. Therefore, the addi-
tional zinc is not beneﬁcial for maintaining ﬁne recrystallised grain sizes.
5.2.2.3 Particles
The morphology and distribution of particles, for the samples extruded at 400 °C,
are shown in Figures 5.18 - 5.29. These electron micrographs show that particles
may be found in all of the alloys, with more particles present with increasing zinc
concentration and the addition of rare earth metals.
Particles found in Z2 range in size from ∼ 50nm to ∼ 10μm (Figures 5.18b
and 5.19a). The larger of these particles are associated with lines of particles strung
out along the extrusion direction (stringers). In Z5, the stringer particles are gen-
erally ﬁner at a size of ∼ 100nm (Figure 5.20b). In addition, Z5 also shows the
presence of a ﬁne precipitate approximately 10 nm in diameter (Figure 5.21c).
The following are key observations made on the rare earth containing alloys:
• There are signs of Zener pinning in all of these alloys (Figures 5.23a, 5.25c,
5.27b and 5.29c). That is, particles are seen to sit on grain boundaries and
cause the boundaries to bend (Figure 5.29c). This often causes the particle to
become distorted.
• The ﬁner particles in the alloys are uniformly distributed.
• An increase in zinc causes the particles to be coarser (compare Figure 5.23a
with 5.27a and Figure 5.25a with 5.29a). There are also fewer ﬁne particles
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(a) As-cast and heat-treated grain sizes.
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(b) Average recrystallised grain sizes for samples extruded
at 400 °C.
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(c) Inﬂuence of the extrusion temperature on the average
recrystallised grain size. Lines drawn to guide the eye.
Figure 5.17: Grain sizes for the as-cast, heat-treated and extruded microstructures.
Note diﬀerent scales are used for the as-cast and extruded alloys. The error bars
give the 95% conﬁdence interval.
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present in the higher zinc rare earth alloys.
• Stringers are more abundant and longer in the higher zinc rare earth alloys
(compare Figure 5.22a with 5.26a and Figure 5.24a with 5.28a).
Figure 5.23b shows a region free of particles around a large particle in ZE21. All
the alloys were examined for precipitate free zones but it was only found in ZE21.
The particle species will be described in Section 5.2.2.5.
5.2.2.4 Extruded Texture
Inverse pole ﬁgures (IPFs) for the bulk texture of the alloys are shown in Figure 5.30,
with a breakdown of the information from the IPFs given in Figures 5.31 and 5.32.
These IPFs show the distribution of orientations in the extrusion direction in the
crystal reference frame. Trends from these EBSD data are as follows.
• All alloys exhibit an extrusion direction rotation between 80 ° and 90 ° away
from the c-axes (Figure 5.32b).
• The weakest textures are found in the binary alloys (Figure 5.32a) with a ﬁbre
texture between
〈
101¯0
〉
and
〈
1¯21¯0
〉
. The distribution of the orientations are
evenly spread between these two poles in Z5 (Figure 5.30b) while Z2 shows a
slight clustering of grains oriented toward
〈
1¯21¯0
〉
(Figure 5.30a).
• The Z2-based rare earth alloys exhibit the strongest ﬁbre textures with more
than 70% of
〈
101¯0
〉
oriented within 10 ° of the extrusion direction (Figures 5.30,
5.31b and 5.32c). These alloys show almost no grains oriented toward
〈
1¯21¯0
〉
(Figures 5.31c and 5.32c).
• Textures in the Z5-based rare earth alloys are weaker than in the rare earth
alloys based on Z2 (Figure 5.32a), but also display a clustering of
〈
101¯0
〉
ori-
entaions toward the extrusion direction. However, unlike the Z2-based rare
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Binary Alloys
(a) The presence of only a few particles.
(b) Particles and cavities remaining from particles that have been removed during pol-
ishing.
Figure 5.18: SEM micrographs of the microstructure in the extruded Z2 alloy. Note
the extrusion direction is diﬀerent in these micrographs. (a) Left to right and (b)
top to bottom.
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(a) A few ﬁne particles.
(b) Large particle.
Figure 5.19: TEM micrographs of the microstructure in the extruded Z2 alloy.
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(a) Distribution of particles.
(b) Particles in a stringer.
Figure 5.20: SEM micrographs of the microstructure in the extruded Z5 alloy.
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(a) At low magniﬁcation Z5 appears particle-free.
(b) Large particle.
(c) Very ﬁne particles.
Figure 5.21: TEM micrographs of the microstructure in the extruded Z5 alloy.
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Z2-based Rare Earth Alloys
(a) Particles and stringers.
(b) Particles in a stringer.
(c) Particles in a stringer.
Figure 5.22: SEM micrographs of the microstructure in the extruded ZE21 alloy.
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(a) Fine particles and Zener pinning.
(b) Large particle with precipitate free zone.
(c) Fine particles.
Figure 5.23: TEM micrographs of the microstructure in the extruded ZE21 alloy.
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(a) Particles and stringers.
(b) Particles in a stringer.
(c) Particles in a stringer.
Figure 5.24: SEM micrographs of the microstructure in the extruded ZW21 alloy.
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(a) Fine particles.
(b) Large particle surrounded by smaller particles.
(c) Fine particles and Zener pinning.
Figure 5.25: TEM micrographs of the microstructure in the extruded ZW21 alloy.
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Z5-based Rare Earth Alloys
(a) Particles and stringers.
(b) Particles in a stringer.
Figure 5.26: SEM micrographs of the microstructure in the extruded ZE51 alloy.
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(a) Fine particles.
(b) Particles pinning grain boundaries.
(c) Fine particles and Zener pinning.
Figure 5.27: TEM micrographs of the microstructure in the extruded ZE51 alloy.
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(a) Particles and stringers.
(b) Particles in a stringer.
Figure 5.28: SEM micrographs of the microstructure in the extruded ZW51 alloy.
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(a) Fine particles.
(b) Coarse and ﬁne particles.
(c) Particle pinning a grain boundary.
Figure 5.29: TEM micrographs of the microstructure in the extruded ZW51 alloy.
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(a) Z2 (b) Z5
(c) ZE21 (d) ZE51
(e) ZW21 (f) ZW51
Figure 5.30: EBSD Inverse pole ﬁgures of the extrusion direction of the alloys ex-
truded at 400 °C. Each ﬁgure represents in excess of 2500 grains.
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Figure 5.31: Percentage of orientations (corresponding to the textures in Figure 5.30)
at diﬀerent angles from the 〈0001〉,
〈
011¯0
〉
and
〈
1¯21¯0
〉
poles parallel to the extrusion
direction (ED). Binning at 1 ° intervals.
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orientations within 10 °
of parallel to the extrusion direction.
Figure 5.32: Texture components for the alloys, corresponding to the textures in
Figure 5.30.
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earth alloys there is also the propensity for some
〈
1¯21¯0
〉
orientations toward
the extrusion direction (Figures 5.31c and 5.32c).
5.2.2.5 Particle and Matrix Analysis
From analysis of optical micrographs of the extruded alloys, the volume percentage
of coarse particles that are visible is presented in Figure 5.33. The etching process
causes the particles to appear larger and so the volume percentages given here can
be considered to be somewhat exaggerated. However, it is clear when extruded at
400 °C (Figure 5.33a) that:
• Particles are only present when rare earth elements are present.
• In the Z2-based rare earth alloys the particle volume percentages are the same,
while in the Z5-based rare earth alloys the particle volume percent is approx-
imately double that of the Z2-based alloys in the alloys containing yttrium
and triple in the alloy containing gadolinium.
Over the range of extrusion temperatures the following is observed (Figure 5.33b):
• No particles were counted in Z2 over both extrusion temperatures or in Z5
extruded at 400 °C. At the lowest extrusion temperature only 1% of the volume
in Z5 is occupied by particles. It will be shown below these particles are
associated with impurities.
• There is no change in the particle content with extrusion temperature for the
Z2-based rare earth alloys.
• For the Z5-based rare earth alloys, the volume occupied by particles decreases
with increasing extrusion temperature. This suggests some of the particles
may be at, or above, their solvus temperature.
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(a) Volume of coarse particles for samples extruded at 400 °C.
(b) Eﬀect of extrusion temperature and alloy composition on the amount of coarse
particles present. Lines drawn to guide the eye. Error bars show data range from
measurements.
Figure 5.33: The particle volume fraction measured from optical micrographs.
134 CHAPTER 5. THE MICROSTRUCTURE
Z2 Z5 ZE21 ZW21 ZE51 ZW51
0
30
60
90
120
Alloy
Figure 5.34: Diameter of the ﬁne particles in the rare earth alloys extruded at 400 °C.
Error bars show the 95% conﬁdence interval.
The size of the ﬁne particles observed in the TEM images (Figures 5.23, 5.25, 5.27
and 5.29) were measured and are presented in Figure 5.34. In most of the alloys the
particles are spherical, the exception being ZW21 where a majority of the particles
are elongated along at least one axis (Figure 5.25a). For this alloy, the major and
minor axes were measured, the volume calculated, and the diameter back calculated
assuming a spherical particle shape. The following observations are made for these
ﬁne particles:
• Particles in the rare earth alloys are much larger than those present in Z5
(none were seen in Z2).
• Increasing the zinc content of the ZE alloy increases the particle size.
• Increasing the zinc content of the ZW alloy changes the shape of the particles
from mainly one elongated along at least one axis to spherical (compare Figures
5.25a and 5.29a) with negligible change in particle size (Figure 5.34).
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Qualitatively, it can be seen that the particles in the Z2-based rare earth alloys
(Figures 5.23a and 5.25a) are more closely spaced than in the Z5-based rare earth
alloys (Figures 5.27a and 5.29a).
The energy dispersive spectroscopy (EDS) spectra for the composition of the matrix
in each of the alloys are shown in Figures 5.35 to 5.37 and the quantitative analysis
given in Table 5.1. In comparison with the bulk analysis determined by ICP-AES
(see Table 3.1 on page 55), the zinc content of the matrix is in general agreement.
Due to the excitation volume of the EDS technique and the spacing of the very
ﬁne particles in Z5 (in the order of 10s of nanometres or less (Figure 5.21c)), the
measurement of the matrix composition in this alloy can not be made without
including the particles. This means the zinc content measured will be higher than
is present in the matrix. Also, the limits of detection due to the low counts from
EDS in the TEM is expected to be approximately 0.1 - 0.2 at.% [148]. In the EDS
spectra of the rare earth alloys no rare earth elements were detected (Figures 5.36
and 5.37), but there could be up to 0.2 at.% of rare earth in solid solution in these
alloys.
Analysis of the particles is more diﬃcult. Due to the size of the particles it is
not possible to analyse them without also including contributions to the analysis
from the matrix. This resulted in large variations in the elemental analysis between
particles and means it is not possible by EDS on the TEM to unambiguously de-
termine the particle chemistry, especially in terms of the magnesium and zinc since
these are found in the matrix. Atomic ratios were therefore compared with particle
stoichiometries proposed in the literature to estimate the particle compositions.
The EDS results for the particles are listed in Tables 5.2 to 5.4 in decreasing concen-
tration of the main alloying element (zinc) by wt.%. The compositions given in the
particle analysis below are based on these results, the stoichiometries of particles
given in the literature and contributions to the measurement from the matrix.
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(a) Z2
(b) Z5
Figure 5.35: Typical EDS spectra of the matrix from the Mg - Zn alloys.
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(a) ZE21
(b) ZE51
Figure 5.36: Typical EDS spectra of the matrix from the Mg - Zn -Gd alloys.
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(a) ZW21
(b) ZW51
Figure 5.37: Typical EDS spectra of the matrix from the Mg - Zn -Y alloys.
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Table 5.1: Composition of the matrix within the alloys (unless otherwise indicated
the values are in wt.%).
Mg Zn Gd Y
Z2 97.1 2.9
Z5 94.7 5.3
ZE21 97.6 2.0 <0.2 at.%
ZE51 95.6 4.4 <0.2 at.%
ZW21 97.3 2.7 <0.2 at.%
ZW51 94.8 5.2 <0.2 at.%
Z2 contained only a few particles and these fall into two types. The ﬁrst type
of particle are inclusions of iron, silicon and manganese (Table 5.2a). The other
particles are oxides of magnesium and/or zinc.
In Z5 the very ﬁne particles shown in Figure 5.21c are too small to be analysed.
Those particles which are large enough for analysis are either Mg - Zn particles (MgZn
or MgZn2 [76] (Table 5.2b: Z5 - 1)) or inclusions containing silicon and manganese.
Fewer impurities are found in the rare earth alloys. From the bulk analysis in
Table 3.1 on page 55, the rare earth content is less than the target 1wt.%. The
melt was stirred prior to casting into the moulds, so there was no time for the rare
earth elements to settle and suggests the rare earths may have combined with the
impurity atoms in the melt and been removed in the dross prior to casting. Some
silicon was found to be present in ZE21 (Table 5.3a).
All the particles analysed in the rare earth alloys contained the rare earth elements.
In ZE21, the composition of the ﬁne particles is consistent with the Mg3Gd2Zn3 [112,
149] phase (Table 5.3a: ZE21 - 2 to 7). Most of the large particles present con-
tain silicon in varying concentrations from 1 at.% to 20 at.% (ZE21 - 8 to 10) and
do not match compositions described in the literature. These and another large
particle (ZE21 - 1) are high in gadolinium and therefore may be due to incomplete
dissolution of gadolinium into the melt when the alloy was made.
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Table
5.2:
C
om
position
ofthe
particles
in
the
binary
alloys
(w
t.%
(at.%
)).
(a)
M
g
-2.5w
t.%
Zn
M
g
Zn
Fe
M
n
Si
O
Z2-1
81.0
(75.8)
2.6
(0.9)
16.4
(23.3)
Z2-2
67.4
(81.3)
1.9
(0.9)
9.0
(4.7)
18.6
(9.9)
3.0
(3.2)
Z2-3
65.6
(56.7)
1.8
(0.6)
32.6
(42.8)
Z2-4
26.7
(42.9)
0.9
(0.6)
28.9
(20.6)
37.6
(27.1)
6.3
(8.9)
Z2-5
6.3
(11.3)
0.3
(0.2)
35.7
(27.7)
37.1
(29.2)
20.5
(31.6)
Z2-6
2.9
(5.3)
0.1
(0.1)
30.0
(23.9)
45.7
(37.0)
21.3
(33.7)
(b)
M
g
-5w
t.%
Zn
M
g
Zn
M
n
Si
Z5-1
74.6
(88.8)
25.2
(11.2)
0.1
(0.1)
Z5-2
62.1
(76.2)
4.1
(1.9)
26.9
(14.6)
6.8
(7.3)
Z5-3
61.8
(77.3)
3.6
(1.7)
32.2
(17.9)
2.5
(2.7)
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Table 5.3: Composition of the particles in the Mg - Zn -Gd alloys (wt.% (at.%)).
(a) Mg - 2.5wt.% Zn - 1wt.% Gd
Mg Zn Gd Si
ZE21 - 1 5.2 (17.7) 42.9 (54.6) 51.9 (27.5)
ZE21 - 2 19.6 (48.3) 38.8 (35.6) 41.6 (15.9)
ZE21 - 3 60.5 (84.3) 23.8 (12.3) 15.7 (3.4)
ZE21 - 4 60.7 (85.5) 19.2 (10.1) 20.0 (4.4)
ZE21 - 5 63.4 (87.1) 16.9 (8.7) 19.6 (4.2)
ZE21 - 6 66.8 (88.4) 16.6 (8.2) 16.6 (3.4)
ZE21 - 7 67.9 (89.1) 15.1 (7.4) 16.9 (3.4)
ZE21 - 8 5.7 (26.9) 2.8 (5.0) 91.3 (67.1) 0.3 (1.1)
ZE21 - 9 5.7 (24.8) 1.7 (2.8) 89.6 (60.8) 3.1 (11.7)
ZE21 - 10 20.4 (51.7) 1.9 (1.8) 68.7 (26.9) 8.7 (19.6)
(b) Mg - 5wt.% Zn- 1wt.% Gd
Mg Zn Gd
ZE51 - 1 7.8 (21.3) 66.4 (67.8) 25.8 (11.0)
ZE51 - 2 6.4 (19.2) 58.0 (64.4) 35.6 (16.4)
ZE51 - 3 36.2 (66.0) 40.4 (27.4) 23.4 (6.6)
ZE51 - 4 49.5 (77.0) 32.1 (18.6) 18.4 (4.4)
ZE51 - 5 62.0 (83.5) 29.3 (14.7) 8.7 (1.8)
ZE51 - 6 62.6 (84.6) 25.8 (13.0) 11.5 (2.4)
ZE51 - 7 68.7 (87.3) 23.8 (11.3) 7.5 (1.5)
ZE51 - 8 82.7 (92.0) 10.1 (4.3) 7.2 (1.3)
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Table 5.4: Composition of the particles in the Mg - Zn -Y alloys (wt.% (at.%)).
(a) Mg - 2.5wt.% Zn - 1wt.% Y
Mg Zn Y
ZW21 - 1 20.6 (43.8) 47.0 (37.3) 32.4 (18.9)
ZW21 - 2 25.7 (50.9) 45.7 (33.6) 28.6 (15.5)
ZW21 - 3 34.2 (60.0) 48.8 (31.8) 17.0 (8.2)
ZW21 - 4 37.9 (64.8) 36.8 (23.4) 25.2 (11.8)
ZW21 - 5 51.7 (75.2) 38.8 (21.0) 9.5 (3.8)
ZW21 - 6 59.1 (81.2) 25.9 (13.2) 15.0 (5.6)
ZW21 - 7 64.0 (84.2) 22.0 (10.8) 14.0 (5.0)
ZW21 - 8 89.2 (96.0) 8.2 (3.3) 2.6 (0.8)
ZW21 - 9 37.2 (68.3) 1.3 (0.9) 61.5 (30.8)
ZW21 - 10 5.2 (16.8) 0.2 (0.3) 94.6 (83.0)
(b) Mg - 5wt.% Zn- 1wt.% Y
Mg Zn Y
ZW51 - 1 7.5 (18.7) 75.2 (69.6) 17.3 (11.7)
ZW51 - 2 23.0 (45.1) 70.1 (51.2) 6.9 (3.7)
ZW51 - 3 26.1 (49.5) 64.6 (45.6) 9.3 (4.9)
ZW51 - 4 30.4 (54.4) 65.7 (43.8) 3.9 (1.9)
ZW51 - 5 31.1 (55.5) 62.2 (41.2) 6.7 (3.3)
ZW51 - 6 46.6 (71.2) 42.9 (24.4) 10.5 (4.4)
ZW51 - 7 66.9 (85.1) 26.8 (12.7) 6.4 (2.2)
ZW51 - 8 69.1 (86.5) 23.6 (11.0) 7.3 (2.5)
ZW51 - 9 70.1 (87.4) 19.4 (9.0) 10.5 (3.6)
ZW51 - 10 75.4 (89.7) 19.6 (8.7) 5.0 (1.6)
ZW51 - 11 79.9 (92.0) 14.8 (6.3) 5.4 (1.7)
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Similarly, there are particles in ZW21 with high rare earth concentration (Table 5.4a:
ZW21 - 9 and 10). These compositions are from large particles which are also to be
due to rare earth not completely dissolving. There is a separation between the large
and ﬁne particles in terms of the yttrium content; the former (ZW21 - 1, 2, 4, 9 and
10) contain greater than 10 at.% Y while the latter (ZW21 - 3, 5, 6, 7 and 8) contain a
lower yttrium concentration. Note the concentration of yttrium in the ﬁner particles
may be larger than measured due to a greater contribution of magnesium and zinc
to the spectra coming from the matrix.
Of the ten particles measured for ZW21, three measurements are consistent with
particle stoichiometries reported in the literature. ZW21 - 3 and 8 match either
Mg15Zn70Y15 (also known as the H-phase) or Zn58Y13 [120]. The third measurement,
ZW21 - 5, is consistent with either Mg15Zn70Y15 or Zn5Y [120]. Particles ZW21 - 1,
2, 4, 6 and 7 do not match compositions given in the literature and could not be
identiﬁed by EDS analysis.
The particles in the Z5-based rare earth alloys (Tables 5.3b and 5.4b) do not contain
the high concentrations of the rare earth elements as seen in the Z2-based rare earth
alloys. The particle volume fraction and zinc concentration are higher in the Z5-
based rare earth alloys, thus with more zinc in the alloy there is more zinc in the
particles. Consequently, there is a lower rare earth content in the particles.
The composition of ZE51 - 8 (Table 5.3b) is consistent with the Mg3Gd2Zn3 phase
mentioned in ZE21 above. ZE51 - 5 and 7 are compatible with that of the i-phase
(Mg3Zn6Gd[23, 120]). With the small list of known phases in the literature for the
Mg - Zn -Gd system there are no matches for the other particles listed in Table 5.3b.
However, given the similarities between the phases present at the lean end of the
phase diagrams for the rare earth alloys these particles may have stoichiometries
similar to Zn58Y13 (ZE51 - 2 to 4) and Zn5Y(ZE51 - 1 and 6) seen in the Mg - Zn -Y
system.
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There are a number of phases consistent with the compositions for the particles for
ZW51 (Table 5.4b). These are
Zn5Y (ZW51 - 1, 6, 7 and 10)
Zn12Y (ZW51 - 2, 4 and 5)
Mg28Zn65Y7 - Z-phase (ZW51 - 3)
Mg3Zn6Y - i-phase (ZW51 - 6 and 7)
Zn58Y13 (ZW51 - 8 and 11)
Mg15Zn70Y15 - H-phase (ZW51 - 8 and 11)
ZW51 - 9 does not match the composition of particles given in the literature and
could not be identiﬁed by EDS analysis.
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5.3 Discussion
The composition of the alloys has a signiﬁcant impact on the microstructures. In the
as-cast microstructures the addition of rare earth metals promotes the formation of
particles and increasing the zinc content increases the particle volume (Figure 5.1).
These particles are not thermally stable and dissolve into the matrix to varying
degrees when heat-treated (Figure 5.2). In the case of Z5 the particles dissolve
completely (there are no particles to dissolve in Z2). This means that in all the
alloys except Z2, heat treatment followed by quenching produces a supersaturation
of elements in solution. Precipitation or growth of particles can therefore be expected
in subsequent processing.
In Section 5.3.1 the role of zinc and rare earth additions on the microstructural de-
velopment is discussed in terms of the formation of particles, the eﬀect on grain size,
the degree of recrystallisation and on texture. How extrusion temperature aﬀects the
microstructure will then be discussed. The inﬂuence these microstructural changes
have on the mechanical properties will then be described in Section 5.3.2, and the
eﬀects on strength rationalised in terms of the microstructure in Section 5.3.3.
5.3.1 Inﬂuences of Zinc and Rare Earth on Microstructural
Development
There is generally good agreement between the microstructures of the binary alloys
and their phase diagram. Z2 shows no secondary phases in the microstructure due
to magnesium and zinc (Figure 5.19a) while in Z5 very ﬁne particles are observed
at high magniﬁcation (Figure 5.21c). Z5 has the same grain size as Z2 (∼ 39μm,
Figure 5.17b), is fully recrystallised (Figure 5.10) and shows no evidence of signiﬁc-
ant Zener drag (Figure 5.21). This means the very ﬁne particles most likely formed
by precipitation after extrusion and recrystallisation as the extrudate cooled.
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In all four rare earth alloys particles were present before extrusion (Figures 5.2
and 5.3). The particles observed in the extruded microstructures (both coarse and
ﬁne) are consistent with originating from particles in the pre-extruded material. The
very ﬁne dendritic particles seen in the SEM images of the heat-treated samples
(Figure 5.3) are of the size of the very ﬁne particles seen in the TEM micrographs of
the extrudate (Figures 5.23, 5.25, 5.27 and 5.29). The large grain boundary eutectic
of the heat-treated billets broke up to form the stringers of large particles found
in the SEM and optical micrographs. The signiﬁcance of this is that the particles
in the heat-treated microstructure determine the structure of the particles in the
as-extruded microstructures.
Zinc behaves diﬀerently in the rare earth alloys compared to the binary alloys.
Figure 5.38 shows increasing zinc results in an increase in the volume occupied
by eutectic in the heat-treated alloys. There is also an apparent decrease in the
dendritic particles (Figure 5.3). This corresponds to the increase in large particles in
the extrudate with increasing zinc (Figure 5.33a) and the reduction in ﬁne particles
(Compare Figure 5.23a with 5.27a and 5.25a with 5.29a).
During and following extrusion the particles coarsen and form rounded particles
(Figures 5.23, 5.25, 5.27 and 5.29). Around large particles the Gibbs-Thomson
eﬀect [55] can produce an apparent precipitate free zone (Figure 5.23b). The coarse
particles in the Z5-based rare earth alloys are coarser than in the Z2-based. This
is because there is more excess zinc in solution prior to coarsening and fewer ﬁne
particles in the matrix for the zinc to diﬀuse and segregate to.
In the rare earth alloys, raising the zinc concentration increases both the amount of
recrystallisation (Figure 5.10) and the recrystallised grain size (Figure 5.17b). The
particles seen in the TEM images are of a size and spacing to possibly inﬂuence the
recrystallision behaviour. Recall the particles in the Z5-based rare earth alloys are
coarser (larger) and more widely spaced than those in the Z2-based. Humphreys
and Hatherly [35] describe how a reduction in particle size and spacing is associated
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(a) ZE21 (b) ZW21
(c) ZE51 (d) ZW51
Figure 5.38: Grain boundary eutectic structures in the heat-treated rare earth alloys.
Cracks and voids produced from casting are visible in the Z2-based alloys.
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with a decrease in the recrystallisation rate (see Section 2.3.4 and Figure 2.13 on
page 34).
That Zener pinning is ocurring is evident in the rare earth alloys (Figures 5.23a,
5.25c, 5.27b and 5.29c), where particles can be seen holding back boundaries. The
retarding of recrystallisation increases as the spacing between particles decreases.
Comparing the TEM images, the ﬁne particles in the Z2-based rare earth alloys
(Figures 5.23a and 5.25a) are closer together than in the Z5-based rare earth al-
loys (Figures 5.27a and 5.29a) and therefore have a greater retarding eﬀect. In
contrast, with no particles present to retard recrystallisation the binary alloys fully
recrystallise.
The Zener factor (3Fv/2r) is estimated from the approximate particle volume fraction
(Fv) and plotted in Figure 5.39. Fv was estimated from the TEM micrographs by
counting the number of particles present, multiplying this by the particle volume
(4/3πr3) and dividing by the estimated volume of the alloy in the TEM image (as-
suming a foil thickness of 100nm). The foil thickness may vary by as much as 25 nm.
So, to determine the errorbars for Figure 5.39 the Zener factor was also calculated
using foil thicknesses of 75 nm and 125 nm. For the recrystallised volume fraction
the errorbars show the data range from measurements.
It can be seen that there is a general trend of decreasing recrystallisation as the
Zener factor increases. The diﬀerence between the Z2 and Z5 based rare earth
alloys may be due to rare earth elements in solid solution. Amounts in the order
of less than 0.2 at.% of rare earth have been shown to have a signiﬁcant eﬀect on
retarding recrystallisation[93], and this is below the level of detection in the EDS
measurement in the current work. Reported segregation of the rare earth to the grain
boundaries [150] is also expected to add to the retarding eﬀect. Recrystallisation
increases as the zinc concentration is increased because the higher zinc will tend to
remove more rare earth from the matrix. As the extrusion temperature is raised an
increase in the diﬀusion rate of the solute elements could be expected to diminish
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Figure 5.39: Relationship between the Zener factor and recrystallisation for the
samples extruded at 400 °C. See text for the explanation of the error.
this retarding eﬀect on recrystallisation. Indeed, this behaviour is observed in the
binary and Z5-based rare earth alloys because the recrystallised fraction increases
with extrusion temperature (Figure 5.10).
Another contributor to the reduced recrystallised volume fraction in the rare earth
alloys are the large pre-extrusion grain sizes (Figure 5.17a). During extrusion, a main
nucleation site for the dynamically recrystallised grains are the grain boundaries.
The larger the initial grain size the less likely recrystallisation is to continue to
completion. ZE21 has the largest pre-extrusion grain size and post-extrusion is the
least recrystallised (Figure 5.10). In contrast, the binary alloys have the smallest
pre-extrusion grain size and fully recrystallise following extrusion.
The recrystallisation behaviour impacts on the texture of the alloys (Figure 5.41).
Nucleation and growth of new grains tends to weaken the texture [35]. For extrusion
at 400 °C, the texture sharpness falls in the order ZE21|ZW21 > ZE51|ZW51 > Z2|Z5
and so too does the fraction unrecrystallised.
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Figure 5.40: Inverse pole ﬁgure map of ZE21 showing the
〈
101¯0
〉
ﬁbre texture (blue)
of the large unrecrystallised grains.
In Section 2.4.3.6 it was shown that unrecrystallised grains have a
〈
101¯0
〉
ﬁbre
texture. This texture corresponds to the texture seen in the current work (Figure
5.40) and consequently becomes more prominant as the amount of recrystallisation
decreases in the order of binary alloys, Z5-based rare earth alloys and then Z2-based
rare earth alloys (Figures 5.30, 5.32c and 5.41).
The texture in the current work is found to strengthen when the yttrium or gad-
olinium is added (Figures 5.30 to 5.32) contrary to the texture weakening eﬀect from
rare earth additions reported in the literature [62, 105–113]. As described above, this
texture strengthening eﬀect is due to an increase in the unrecrystallised volume in
the microstructure producing a strong
〈
101¯0
〉
ﬁbre texture.
As expected, higher extrusion temperatures lead to higher fractions recrystallised.
Partially recrystallised structures typically display coarser recrystallised grains the
greater the recrystallised fraction [151], and the same is seen in the current work
(Figure 5.42).
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Figure 5.41: Eﬀect of recrystallisation on texture for samples extruded at 400 °C.
Line drawn to guide the eye.
Figure 5.42: Relationship between the recrystallised grain size and the percent re-
crystallised. Extrusion temperatures shown in °C.
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The “rare earth” texture is not seen in the current work. Stanford and Barnett [133]
have shown there is an extrusion temperature dependence associated with the devel-
opment of the “rare earth” texture. Although the samples used in the current work
for texture analysis were extruded at a temperature where Stanford and Barnett [133]
observed said texture (400 °C), their work was on binary magnesium alloys contain-
ing rare earth metals. The presence of zinc in the rare earth alloys in the current
work may alter the extrusion temperature range in which the “rare earth” texture
develops or inhibit its development completely. If the former is the case it may be
possible to develop the “rare earth” texture in these alloys by using diﬀerent extru-
sion temperatures. Also, since there are unrecrystallised regions in the rare earth
alloys this texture may be developed through using an appropriate post extrusion
annealing treatment.
5.3.2 Eﬀects of the Developed Microstructure on Mechan-
ical Properties
In this section, the expected inﬂuences of grain size, recrystallised volume fraction,
texture and particles on the mechanical properties will be discussed.
It is no surprise to ﬁnd the binary alloys, with the largest recrystallised grain
size (Figure 5.17b), have the lowest yield strength (Figure 4.4a) and the Z2-based
rare earth alloys, with the smallest recrystallised grain size, have the highest yield
strength. The reduction in grain size with rare earth additions is also expected to
increase the ductility [39, 50, 51], but in the current work the ductility is low in the
ﬁne grained samples.
A surprising result in the binary alloys is the constant yield strengths (149MPa and
~185MPa for Z2 and Z5, respectively (Figure 4.4b)) despite the signiﬁcant increase
in grain size (∼ 10μm to 39μm (Figure 5.17c)). However, this result is consistent
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Figure 5.43: Relationship between grain size and tensile yield strength in selected
magnesium alloys. Unpublished data from the Light Metals Group of the Institute
for Frontier Materials at Deakin University in Geelong, Victoria, Australia.
with other magnesium alloys, where the yield strength changes slowly with grain
size (Figure 5.43). Also, the yield strengths in AZ31, AZ61 and M1 in Figure 5.43
are similar to the binary alloy yield strengths in the current work.
Adding rare earth not only decreases the recrystallised grain size, but also reduces
the volume of the microstructure which recrystallises (Figure 5.10). The remaining
fraction of worked grains are expected to show reduced ductility because the grain
sizes of the unrecrystallised grains are large compared to the recrystallised grains.
Recall from Section 2.2.4 that twinning increases with grain size, so with the un-
recrystallised grains being much larger than the recrystallised grains they are more
susceptable to twinning. Additionally, with the strong ﬁbre texture the grains in
the extrudate are aligned for c-axis contraction in a tensile test. They are therefore
favourably aligned for
{
101¯1
}
twinning and subsequent
{
101¯1
}
−
{
101¯2
}
double
twinning (hereafter referred to as
{
101¯1
}
double twins) [34].
It has been reported that twins are sites for void formation, with voids forming in
the interiors of
{
101¯1
}
double twins [34]. Therefore, with increasing recrystallised
154 CHAPTER 5. THE MICROSTRUCTURE
Figure 5.44: Relationship between ductility and recrystallisation for the samples
extruded at 400 °C.
volume fraction there are fewer large grains present, reducing the propensity for{
101¯1
}
double twins to form and thus increasing ductility. This increase in ductility
with percent recrystallisation is seen in the current work (Figure 5.44). The eﬀect the
unrecrystallised regions have on the yield strength will be discussed in Section 5.3.3.
All of the alloys have a pronounced ﬁbre texture (Figure 5.30) with more than 60%
of the EBSD data points collected oriented with the 〈0001〉 pole between 80 ° to
90 ° away from the tensile load direction (Figure 5.32b). Therefore, most of the
grains are not oriented for easy basal slip. At this orientation, the grains are more
preferentially oriented for pyramidal and prismatic slip (Figure 5.45), but the critical
resolved shear stress for these slip systems falls between 10 and 100 times greater
than for basal slip [32, 44, 152]. Therefore, this results in higher measured yield
stresses than if there were no texture to the alloys.
Comparing the average Schmid factors for basal slip across the alloys shows that
the Z2-based rare earth alloys have the lowest values (Figure 5.45). There are more
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Figure 5.45: Average Schmid factors (corresponding to the EBSD results in Fig-
ure C.10) for loading parallel to the extrusion direction.
unrecrystallised grains in the Z2-based rare earth alloys and these are not oriented
preferentially for basal slip. So, low Schmid factors for these alloys, relative to the
binary and Z5-based rare earth alloys, are not unexpected. The unrecrystallised
grains, therefore, provide both dislocation strengthening and texture strengthening.
Finally, consideration turns to the inﬂuence that particles have on the mechanical
properties. The very ﬁne particles in Z5 are numerous and uniformly distributed
(Figure 5.21c). Due to their size they are expected to be coherent with the matrix.
This high number density of particles will result in higher stress being necessary
for dislocations to move through the microstructure and thus lead to higher yield
strength. The eﬀect of the particles can be seen when comparing the ﬂow curves of
Z2 and Z5 (Figure 5.46). Z2 with no particles work hardens quickly to a plateau,
whereas Z5 continues to work harden. It is possible this arises from Orowan looping
around non-shearable particles, but more work is required to be sure.
The particles in the rare earth alloys are much larger than in Z5 (Figure 5.34) and
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Figure 5.46: Flow curves for the binary alloys extruded at 400 °C.
are spaced further apart. Although, from Section 2.2.3 the particles become harder
to shear as the particle size increases, the increase in particle spacing lowers the
shear stress needed for dislocations to bypass the particles. Additionally, with the
increase in particle size, the particles lose coherency with the matrix and impart less
strain on the surrounding matrix [25]. Therefore, as the interparticle spacing and/or
particle size increases with the addition of rare earth and an increase in zinc content,
the direct eﬀect of particles on the yield strength will diminish. An estimation of the
contribution from particles to the yield strength will be made in the next section.
5.3.3 Rationalisation of the Strength from the Microstruc-
ture
The foregoing sections show a number of microstructural characteristics aﬀecting the
mechanical properties. Relating these characteristics to the mechanical properties
will be the focus of this section. The spectra of the matrix of the alloys (Figures
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5.36 and 5.37) do not show the presence of rare earth elements within the limits
of detection (0.2 at.%), but within these limits the presence of solute rare earth
could contribute up to 50MPa to the yield strength [109]. However, since the solute
rare earth concentration is not known, for the purpose of the following analysis it
is initially assumed all rare earth atoms are present only in the particles and do
not contribute to solid solution strengthening. Also, it is assumed the recrystallised
regions of the microstructure contain grains which harden solely according to their
size.
The microstructures of the rare earth alloys consist of recrystallised and unrecrystal-
lised regions. Additionally, in these alloys there are particles distributed throughout
the matrix. To rationalise the yield strength with respect to the microstructure it
may therefore be described by,
σy = FRX
(
σ0 + kd−1/2
)
+ (1 − FRX)σUnRX + σp (5.1)
where FRX is the volume fraction of recrystallised grains, σ0 +kd−1/2 and σUnRX are
the yield strengths of the recrystallised and unrecrystallised regions, respectively,
and σp is the strengthening increment due to the presence of particles. Yield strength
(σy) was measured in the previous chapter (Table 4.2) and the recrystallised volume
fraction is shown in Figure 5.10. The yield strength of the recrystallised regions and
the contribution to the strength from the ﬁne particles will be estimated from the
microstructure, below. This will then allow the yield strength of the unrecrystallised
regions to be determined from equation 5.1 above.
For the recrystallised regions of the microstructure the grain sizes are measured
directly from the microstructures (Figure 5.17b). Since Z2 is the only alloy without
particles it is used to calculate the value of σ0. Rearranging the Hall-Petch equation
(Equation 2.4)1 and using an upper limit for k of 0.22MPam1/2 [153] gives σ0 ≈
1σ0 = σy − kd−1/2
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113MPa at 2.5wt.% zinc. This is higher than shown in the literature [38], but takes
into account the eﬀect of texture. Doubling the zinc content to 5wt.% adds another
10MPa to σ0 [38]. The diﬀerences in the texture of the recrystallised regions are
small so they are considered to be the same for all the alloys for the purpose of this
analysis. Therefore, for the Z2-based and Z5-based alloys the values of 113MPa
and 123MPa are used, respectively, for σ0.
To determine the contribution to the yield strength from the very ﬁne particles in
Z5, the Hall-Petch contribution is subtracted from the measured yield strength. For
the rare earth alloys, to determine the strengthening increment from the particles
in the microstructure the particle sizes are measured from the TEM micrographs
(Figure 5.34). Assuming a foil thickness of 100 nm the particle volume fraction
(Fv) is also estimated from these micrographs. The strengthening increment is
then [154, 155],
σp = 0.8Gb
√
NA (5.2)
where G and b are the shear modulus (17 × 103MPa [156]) and burgers vector
(0.32nm [10]), respectively. NA (the number of particles on the slip plane per unit
area) has been shown to be NA = Fv/2r2, where r is the average particle radius [154].
This yields particle strengthening values of approximately 13MPa and 7.5MPa in
the Z2-based and Z5-based rare earth alloys, respectively. Inserting these values
into equation 5.1 above leave the yield strengths of the unrecrystallised regions of
the microstructure as the only unknown.
The contributions to the measured yield strength from the unrecrystallised and
recrystallised regions of the microstructure, and from the particles, are given in
Table 5.5 and shown in Figure 5.47. The Z5-based rare earth alloys are the most
recrystallised of the rare earth alloys, so the yield strength contribution of the un-
recrystallised regions is necessarily smaller than in the Z2-based rare earth alloys.
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Table 5.5: Contributions from the particles, recrystallised and unrecrystallised re-
gions to the yield strength in tension of the alloys extruded at 400 °C. All values in
MPa.
Alloy Recrystallised grains Unrecrystallised grains Particles
Z2 149
Z5 159 24
ZE21 85 138 13
ZW21 110 128 13
ZE51 139 38 7.5
ZW51 129 60 7.5
For the particles, as the particle size and spacing increases in the order of Z5, the
Z2-based rare earth alloys and the Z5-based rare earth alloys, the contribution to
strengthening from the particles correspondingly decreases. However, they add very
little to the overall yield strength.
Extracting the yield strength of the unrecrystallised regions from Figure 5.47 suggest
the unrecrystallised regions in the Z2-based rare earth alloys are much stronger than
the Z5-based rare earth alloys (Figure 5.48).
The yield strength of the Z2-based rare earth alloys is expected to be greater than
for the Z5-based. Under the processing conditions some recovery will have taken
place in the unrecrystallised regions of the microstructures. Since recovery and
recrystallisation are competitive processes [35], generally speaking, the factors which
inﬂuence recrystallisation will also aﬀect recovery. Recrystallisation is retarded more
in the Z2-based rare earth alloys than in the Z5-based rare earth alloys. Therefore,
the grains in the recrystallised regions of the Z2-based alloys are smaller, and thus
these regions are stronger in these alloys than in the Z5-based rare earth alloys.
Therefore, it is reasonable to conclude that in the unrecrystallised grains of the
Z2-based alloys, recovery is retarded more than in the Z5-based alloys and likewise
retains a stronger microstructure.
Another contributor to the diﬀerence in the yield strength is believed to come from
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Figure 5.47: Contributions to the yield strength measured in tension (for the samples
extruded at 400 °C) with the estimated yield strengths from the recrystallised and
unrecrystallised regions of the matrix, and the contribution from particles.
Figure 5.48: Estimated yield strength of the unrecrystallised regions of the rare
earth alloys extruded at 400 °C.
5.4. SUMMARY 161
solid solution strenthening from the rare earth elements. Approximately 0.1 at.%
of rare earth in solution has been shown to increase the yield strength by almost
50MPa [109]. It has been proposed above that increasing the zinc concentration
reduces the rare earth in solid solution and this would contribute to the lower yield
strengths seen in the Z5-based rare earth alloys.
The yield strengths in Figure 5.48 (the unrecrystallised regions) are high for grains
which are not small. These factors described above of a retained worked microstruc-
ture and rare earth solid solution strengthening, combined with the unfavourable
texture for basal slip (shown in Section 5.3.1) for the unrecrystallised grains, have
resulted in high unrecrystallised grain yield strengths.
The above analysis provides an indirect determination of diﬀerences in the strength
contributions from the recrystallised and unrecrystallised grains in the microstruc-
ture. A more direct measure of these diﬀerences could be carried out using micro-
hardness testing. This would provide a quantitative measure of the diﬀerences
between the strengths of these diﬀerent microstructural regions. It would also con-
ﬁrm whether or not the strength in the unrecrystallised regions of the Z5-based rare
earth alloys is lower than the same regions in the rare earth alloys based on Z2.
5.4 Summary
Changes in the microstructure and how this inﬂuences the mechanical properties
have been the focus for this chapter. As in the previous chapter, diﬀerences in
behaviour were found between the binary and rare earth alloys. In this chapter it
was found that under the conditions used in the current work,
• The highest strength is found in the Z2-based rare earth alloys and this is
because these alloys have the smallest recrystallised grain sizes, the strongest
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ﬁbre textures, a likely higher level of rare earth in solution and the most
retained deformed grains in the microstructure.
• The change in yield strength with changing grain size in the current work shows
it is not signiﬁcant. The strength diﬀerence between Z2 and Z5 is determined
by solid solution strengthening. Particle strengthening and a mildly stronger
texture in Z5 also contribute to the diﬀerence in strength.
• Ductility decreases as the fraction of unrecrystallised grains increases because
twinning is easier in these large grains. The resulting increase in the number
of twins raises the probability for cracks to form within these twins.
• The ﬁbre texture is strongest in the Z2-based rare earth alloys, weaker in the
Z5-based rare earth alloys and weakest in the binary alloys. This ﬁbre strength
is inversely related to the recrystallised volume fraction.
• Within the limits of detection the rare earth elements do not dissolve in the
matrix. However, there could be up to 0.2 at.% of these elements in solution.
This is enough to impact on yield strength and recrystallisation, and possibly
also retard recovery.
In this chapter the recrystallised volume fraction and the degree of restoration have
been shown to be an important contributor to the mechanical properties. Adding
rare earth reduces the recrystallised fraction of the microstructure, but increasing
the zinc concentration reduces this eﬀect. It is still unclear whether the larger
unrecrystallised volume fraction, particularly in the Z2-based rare earth alloys, is
due to a larger initial grain size or if rare earth containing particles or rare earth
in solid solution actually retard the recrystallisation kinetics, both during and after
deformation. The next chapter will investigate the recrystallisation behaviour.
Chapter 6
Recrystallisation Behaviour
The previous chapter showed that after extrusion there are diﬀerences in the degree
of recrystallisation between the present alloys. While adding rare earth metals
lowered the volume fraction of the microstructure that recrystallised, increasing the
zinc content raised the fraction recrystallised. These changes in the proportion of
the microstructure recrystallising were also shown to correspond with changes in
the yield strength and ductility. To understand this properly it is important to
disentangle the direct inﬂuence of compostion on the recrystallisation behaviour
from the other inﬂuence of the initial grain structure. Recrystallisation behaviour
has two aspects to be considered. The ﬁrst is the rate and second the recrystallised
grain size.
In the current chapter, double hit compression testing is used to assess the aﬀect
of composition on the recrystallisation kinetics. Similar techniques with an anneal
between two deformations have previously been used for investigating post-deforma-
tion recrystallisation behaviour [57, 58, 142, 157]. Generally, double hit tests measure
the softening that occurs as a result of the annealing stage between the deforma-
tions [58, 142]. However, in a study on AZ31 it was found there was little diﬀerence
in the softening irrespective of the annealing time so measuring the work hardening
163
164 CHAPTER 6. RECRYSTALLISATION BEHAVIOUR
stress from the second deformation curve was found to be more appropriate [57].
Additionally, when plotted against annealing time, a correspondence was found in
the time for the plateau of the work hardening and the time for the plateau in grain
size [57]. This shows the work hardening stress of the second compression is a valid
method for determining the post-deformation annealing behaviour in magnesium
alloys and is therefore used in the current work.
In this chapter, the kinetics of recrystallisation and the recrystallised grain size in
the alloys will be compared. First, the double hit compression technique is used to
determine a measure of the recrystallisation rate for each alloy. Then the micro-
structures for the alloys, both after deformation and after annealing, are compared.
Finally, consideration is given to the inﬂuence of microstructure on the recrystal-
lisation behaviour.
6.1 Method
Compression samples, 12mm high × 8mm diameter, were prepared from the extru-
date of Z2, Z5, ZE21, ZE51, ZW21 and ZW51 alloys extruded at 400 °C (as described
in Section 3.2). The samples were used in the as-extruded condition without fur-
ther heat treatment, so the initial microstructures of the samples were the same as
described in the previous chapter. However, the tests carried out were intended to
replace these with a fully dynamically recrystallised structure. Prior to compres-
sion, each sample was wrapped in polytetraﬂuoroethylene (also known as PTFE or
Teﬂon) tape as a lubricant. To prevent the samples from sticking to the platens,
a 0.05mm stainless steel shim was placed between the teﬂon wrapped samples and
the two platens.
The samples were subjected to double hit compression tests at 400 °C (to match
the extrusion temperature) and a strain rate of 1 s-1. Each test consisted of an
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initial deformation to a true strain of 1, annealing the compressed sample, and a
second deformation to a further true strain of 0.5. Ranges and values of annealing
time diﬀered between the alloys and were empirically determined based on the test
results as they were collected. The annealing time was increased until no change in
the stress-strain behaviour was seen in hit 2. These results were used to assess the
kinetics of post deformation recrystallisation.
Once the annealing time for complete recrystallisation was established, a compres-
sion sample for optical microscopy was produced for each alloy by compressing to
a true strain of 1, annealing for the time to complete recrystallisation and then
quenching in water. A sample was also made and prepared as above from each
alloy by quenching immediately after compression to lock in the deformed micro-
structure. These samples were then prepared for optical microscopy as described in
Section 3.5 and the grain sizes measured in the centre of each sample on the plane
parallel to the compression direction using the linear intercept method (as described
in Section 3.5.1).
6.2 Results
6.2.1 Double Hit Compression
Figure 6.1 presents typical samples that were formed by the double hit compression
tests. All the alloys remained intact during the tests. Some variation is seen in
the compressed sample shape. The binary alloys are uniform in shape, indicating
that deformation was primarily homogeneous. This is not the case for the rare
earth alloys, with some skewing of the shape evident. This may be a result of
inhomogeneous deformation due to the microstructural heterogeneities described in
the previous chapter.
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(a) Z2 (b) ZE21 (c) ZW21
(d) Z5 (e) ZE51 (f) ZW51
Figure 6.1: Typical samples produced from double hit compression testing.
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Representative ﬂow curves for the double hit compression samples are given in Fig-
ures 6.2 to 6.4. The following observations are made from these ﬂow curves.
• All alloys exhibit work hardening followed by work softening to a steady state
stress during the ﬁrst compression. This is characteristic of dynamic recrys-
tallisation [35] as shown in Section 2.3.2.
• For each alloy there are some variations in the ﬂow curves for the ﬁrst compres-
sion. This indicates microstructural diﬀerences in the test samples. However,
a common (within ± 8%) steady state stress is attained at a strain of 1, which
implies a stable dynamically recrystallised structure.
• The twinning signature is evident in the shape of the ﬁrst compression curve
(the inﬂection in the curve as the stress increases to the peak stress) for the
Z2-based rare earth alloys. It also sometimes occurs in ZW51 (Figure 6.4b),
but the trend is not as pronounced. The twinning signiture is not present in
ZE51 or the binary alloys.
• Increasing the zinc concentration raises the steady state stress in the Z and
ZW alloys, but lowers it in the ZE alloys (Figure 6.5).
• Softening occurs between the two compression stages but more marked is the
increase in the ultimate compressive stress (UCS) in the second compression
hit compared to the steady state stress in the ﬁrst compression test (This eﬀect
is only minor in ZE21).
• The second peak stress is much lower than the ﬁrst. This is expected to be
due to a change in texture. Prior to the ﬁrst compression the samples exhibit
a ﬁbre texture from the extrusion process and this is not favourably aligned
for “easy” slip when compressed along the extrusion direction. Rotation of the
grains during this ﬁrst compression aligns the grains more favourably for slip.
This new texture is not completely lost during the annealing stage so during
the second compression the peak stress is lower.
168 CHAPTER 6. RECRYSTALLISATION BEHAVIOUR
(a) Z2. σss = 34MPa.
(b) Z5. σss = 36MPa.
Figure 6.2: Double hit compression behaviour for the Mg - Zn alloys at 400 °C and
ε˙ = 1 s−1.
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(a) ZE21. σss = 60MPa.
(b) ZE51. σss = 48MPa.
Figure 6.3: Double hit compression behaviour for the Mg - Zn -Gd alloys at 400 °C
and ε˙ = 1 s−1.
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(a) ZW21. σss = 45MPa.
(b) ZW51. σss = 51MPa.
Figure 6.4: Double hit compression behaviour for the Mg - Zn -Y alloys at 400 °C
and ε˙ = 1 s−1.
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Figure 6.5: Eﬀect of changing zinc content and alloying elements on the ﬁrst de-
formation steady state stress. Lines drawn to link alloys with common alloying
elements.
The ﬂow curves from the second compression of each test were used to measure the
work hardening increment for each annealing time. These stress increments were
calculated using,
Δσ = σucs − σy (6.1)
where σucs and σy are the ultimate compression and yield stresses, respectively.
To determine the errors for this method, three tests with the same annealing time
(125 s) were carried out on ZW21. This alloy showed the most variation, possibly
due to the high degree of non-uniformity in the microstructure. The work hardening
increment was determined for these tests and found to vary by ± 10.4%. To estimate
a worst-case error, this error percentage was applied to all the alloys. This error was
then used to estimate the error in the time to 50% completion of restoration.
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Plots of the work hardening increment with respect to the annealing time are shown
in Figures 6.6 to 6.8.
Curves are ﬁtted to this data using the modiﬁed Avrami equation, as proposed by
Sellars and Whiteman [158]. Thus, the work hardening increment at a given anneal-
ing time (t) is given by,
Δσ (t) = Δσ(max)
(
1 − eln(1−X)(t/tX)n
)
(6.2)
where Δσ(max) is the maximum work hardening increment measured across all an-
nealing times, n is the Avrami exponent and tX is the time required to achieve a
selected volume fraction (X) recrystallised. In the current work, the time to achieve
50% recrystallisation was chosen so X = 0.5 and tX = t50. For each alloy the values
for σ(max), n and t50 were adjusted until the calculated curves best ﬁt the measured
data. The resulting t50 values for the alloys are plotted in Figure 6.9.
Inspection of the work hardening increment curves in Figures 6.6 to 6.8 reveal:
• All alloys exhibit a sigmoidal curve for work hardening increment with respect
to annealing time. In each of the alloys an increase in the annealing time raises
the work hardening stress increment of the second compression until it reaches
a plateau.
• The modiﬁed Avrami equation (Equation 6.2) shows generally good agreement
with the data.
• The maximum work hardening increment is higher in Z2 than in Z5. In the
rare earth alloys this maximum is approximately the same.
Comparing the t50 values of the alloys (Figure 6.9) the following observations are
made.
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(a) Z2. Δσ(max) = 23MPa
(b) Z5. Δσ(max) = 17MPa
Figure 6.6: Work hardening increment curves with respect to annealing time for the
binary alloys.
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(a) ZE21. Δσ(max) = 28MPa
(b) ZE51. Δσ(max) = 25MPa
Figure 6.7: Work hardening increment curves with respect to the annealing time for
the Mg - Zn -Gd alloys.
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(a) ZW21. Δσ(max) = 26MPa
(b) ZW51. Δσ(max) = 27MPa
Figure 6.8: Work hardening increment curves with respect to the annealing time for
the Mg - Zn -Y alloys.
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Figure 6.9: Eﬀect of changing zinc concentration and alloying elements on the an-
nealing rate. Lines drawn to link alloys with common alloying elements.
• The binary alloys recrystallise the fastest with a negligible diﬀerence in t50
times (0.55 s for Z2 compared to 0.6 s for Z5).
• Adding rare earth metals slows the recrytallisation rate.
• Increasing the zinc concentration diminishes the recrystallisation retarding
eﬀect of the rare earth metals.
6.2.2 Microstructure
Microstructures of each of the alloys quenched immediately after compression to a
true strain of unity are shown in Figure 6.10. Recrystallised grains are present
in all alloys indicating dynamic recrystallisation took place during the deformation.
Four alloys - Z2, Z5, ZW21 and ZE51 - all appear fully recrystallised. The other two
alloys show evidence of partial recrystallisation, despite displaying a steady state
stress.
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(a) Z2
(b) Z5
Figure 6.10: Microstructures of the alloys compressed to a true strain of unity
followed by an immediate quench in water.
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(c) ZE21
(d) ZW21
Figure 6.10: Microstructures of the alloys compressed to a true strain of unity
followed by an immediate quench in water continued.
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(e) ZE51
(f) ZW51
Figure 6.10: Microstructures of the alloys compressed to a true strain of unity
followed by an immediate quench in water continued.
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The micrograph of ZE21 (Figure 6.10c) shows the presence of large deformed grains
which have not been consumed by dynamically recrystallised grains. This suggests
that the presence of gadolinium inhibits DRX in this alloy. In ZW51 (Figure 6.10f)
there is more DRX than in ZE21 and the DRX grain size ﬁner.
In ZW21 (Figure 6.10d) there are two recrystallised grain sizes. In the bottom left
of the micrograph the grains are larger compared to the grains in the rest of the
microstructure. However, it is apparent the structure is largely recrystallised.
Microstructures of the alloys annealed after compression to saturation of the harden-
ing increment are shown in Figure 6.11. All alloys are fully recrystallised. ZE21,
ZW21 and ZW51 contain grains which are noticeably darker than the the majority
of the microstructure. These darker grains are mechanical twins from polishing.
6.2.3 Recrystallised Grain Sizes
The grain sizes for the samples quenched immediately after compression (Figure 6.10)
and those annealed until saturation of the hardening increment (Figure 6.11) are
given in Figure 6.12. It can be seen that the grains of the two binary alloys recrys-
tallise and grow to a similar maximum grain size (∼ 30μm).
The recrystallised grain sizes for the rare earth alloys are all smaller than for the
binary alloys. Also, it can be seen that increasing the zinc content in the alloy
containing gadolinium slightly increases the size of the recrystallised grains, whereas
the opposite is found in the alloy containing yttrium.
As expected, the recrystallised grain sizes of the immediately quenched samples are
lower than those annealed until saturation of the hardening increment. Interestingly,
both the quenched and annealed grain sizes vary with composition in a similar
fashion. That is, both reduce with the addition of rare earth elements.
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(a) Z2 (Anneal time: 15 s)
(b) Z5 (Anneal time: 15 s)
Figure 6.11: Microstructures of alloys annealed until saturation of the “hardening
increment” (see Figures 6.6 to 6.8).
182 CHAPTER 6. RECRYSTALLISATION BEHAVIOUR
(c) ZE21 (Anneal time: 1000 s)
(d) ZW21 (Anneal time: 1000 s)
Figure 6.11: Microstructures of alloys annealed until saturation of the “hardening
increment” continued.
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(e) ZE51 (Anneal time: 125 s)
(f) ZW51 (Anneal time: 500 s)
Figure 6.11: Microstructures of alloys annealed until saturation of the “hardening
increment” continued.
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Figure 6.12: Average recrystallised grain size for the samples following a single com-
pression. The grain sizes are for samples quenched immediately after compression
and those annealed to saturation of the “hardening increment”. Error bars show the
95% conﬁdence interval.
6.3 Discussion
6.3.1 Deformation and Annealing
The distortion (or skewness) of the samples in Figure 6.1 increase in the order
of the binary alloys (which are uniform in shape), Z5-based rare earth alloys and
then Z2-based rare earth alloys. Comparing the microstructures of the alloys, the
structure of the binary alloys are the most uniform with the microstructure being
fully recrystallised. These alloys also have the weakest texture and will therefore
have deformed the most uniformly.
The Z2-based rare earth alloys contain the highest fraction of unrecrystallised grains
and this results in a strong ﬁbre texture. There are both recrystallised regions and
unrecrystallised regions, and thus the microstructure is less uniform. The non-
uniformity of the microstructure means that the strength throughout the samples is
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not uniform. So, higher strength in one region and lower strength in another could
lead to a sideways translation of material as it is compressed. Twinning in the large
unrecrystallised grains could also contribute to this phenomena.
For all the alloys, the shape of the ﬁrst compression ﬂow curves from the double hit
tests is indicative of the operation of dynamic recrystallisation during deformation
(Figures 6.2 to 6.4). Therefore, at the beginning of the annealing step, dynamic
recrystallisation has already occurred and so post-deformation recrystallisation can
proceed with no incubation time. This, for the alloys bar ZE21 and ZW51, provides
a comparable ’starting’ structure from which the recrystallisation kinetics can be
compared. The slowed DRX in ZE21 and ZW51 renders the subsequent recrystal-
lisation behaviour in these grades more diﬃcult to explain.
The magnitude of the twinning signature observed in the ﬂow curves decreases in
the order of ZE21>ZW21>ZW51. This behaviour is directly related to an increasing
volume fraction of recrystallised grains in the extruded microstructure of these alloys
(Figure 5.10). The unrecrystallised grains are larger than the recrystallised and thus
twin more easily [41]. They are also favourably oriented for
{
101¯2
}
twinning [33].
ZE51 and the binary alloys all have a higher extruded recrystallised fractions than
the above alloys, so there appears to be a maximum recrystallised fraction under
the conditions used in the current work above which twinning does not occur.
Alloy composition inﬂuences the steady state stress attained during the ﬁrst com-
pression. With increasing zinc, the steady state stress increases in the Z and ZW
alloys, but decreases in the ZE alloys (Figure 6.5). Comparing the microstructures
of the quenched samples (Figure 6.10), this behaviour appears to be due to the ease
of dynamic recrystallisation. The binary alloys have the lowest steady state stress
and exhibit the most restored microstructures (Figures 6.10a and 6.10b). ZE21 has
the highest steady state stress and the least recrystallised grains (Figure 6.10c).
Therefore, there is less softening of the microstructure, so the eﬀect of the rare
earth on the microstructure either reduces the number of nucelation sites or retards
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Figure 6.13: Relationship between the steady state stress and the recrystallised grain
size for the quenched and the annealed samples. Lines drawn to guide the eye.
dynamic recrystallisation due to the presence of solute or particles. The other alloys
correspondingly fall between these two extremes.
A relationship is seen in the current work between the level of the steady state
stress and the recrystallised grain size (Figure 6.13) and shows the former has an
eﬀect on the latter. The higher steady state stress is associated with the slower
recrystallisation kinetics(Figure 6.5) and more retained deformed microstructure
(Figure 6.10). Therefore, more nuclei grow and impinge on each other resulting in
the smaller recrystallised grain sizes.
With recrystallisation following deformation the yield strength is expected to drop
and this is observed in the current work. This softening diminishes in each alloy
system as the zinc content is increased (Figure 6.14). Comparing the annealed grain
sizes of the simplest alloys - the binary alloys (Figure 6.12) - there is no change in
the grain size so this is not a grain size eﬀect. There is, however, a correlation of the
softening behaviour with solute zinc concentration. From Section 5.2.2.5 there is an
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Figure 6.14: Maximum softening (between compression 1 and 2) in the alloys when
annealed to saturation of the hardening increment.
expected reduction in rare earth elements in solid solution as the zinc concentration
rises. The rare earth elements are more potent solid solution strengtheners than
zinc, so this reduction in softening with increasing zinc content may be attributed
to a decrease in solid solution strengthening. More work is required to validate this
proposal. This result diﬀers to that of AZ31 where no softening of the yield strength
was observed [57].
The increase in the peak stress in the second compression hit compared to the
steady state stress in the ﬁrst has been ascribed to the depletion of dynamic re-
crystallising grain nuclei during annealing [57]. As the annealing time is increased,
post-deformation recrystallisation removes more of the dislocations and grain bound-
ary interface needed to nucleate dynamically recrystallised grains. When the load
is reapplied for the second compression the critical dislocation density necessary to
restart dynamic recrystallisation must ﬁrst be reached in a structure with less area
of nucleating interface, thus increasing the peak stress [57].
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Figure 6.15: ZE21 showing recrystallised grains in twins and areas that recrystallised
during extrusion.
It was expected the high strain of unity during the ﬁrst hit would progress the
dynamic recrystallisation such that the microstructures would show little memory
of their extruded structures. However, the compressed and quenched ZE21 alloy
does show the presence of large unrecrystallised grains indicating that the presence
of gadolinium retarded DRX. From Figure 6.9 the post-deformation recrystallisation
is slowest in this alloy, so it can be expected the presence of the rare earth also has a
retarding eﬀect on the dynamic recrystallisation rate. It is clear that recrystallisation
occurs in regions that recrystallised during extrusion and within twins (Figures 6.10c
and 6.15). Some unrecrystallised regions are also present in ZW51. Given that
ZE51 is more recrystallised than ZE21, it is unclear why ZW51 shows regions of
unrecrystallised grains when ZW21 does not.
6.3.2 Recrystallisation Rate and Recrystallised Grain Size
In Figure 6.16 the fraction of the microstructure restored in the alloys after 4 s of
annealing is compared to the extruded recrystallisation fraction (that is, the starting
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Figure 6.16: Eﬀect of the starting recrystallisation percent on alloy restoration after
4 s of annealing. Restoration measured from Figures 6.6 to 6.8.
microstructure for the test). The relationship between extrudate recrystallisation
and compression restoration is approximately linear for most of the alloys. ZE51 is
the exception and also shows a higher extruded recrystallisation with respect to its
Zener factor (Figure 5.39). Since the particles in the two rare earth alloy systems
are diﬀerent this may indicate the increase in zinc reduces the solute rare earth more
in the ZE system than in the ZW, and result in less retardation of recrystallisation
from solute.
Figure 6.17 compares the recrystallised grain sizes of the samples compressed and an-
nealed to saturation of the hardening increment with the as-extruded recrystallised
grain size. The extruded grain size in the binary alloys is noticeably greater than
the compressed and annealed grain size. This is because the strain rate in the com-
pression test was twice that of the average strain rate during extrusion (1 s−1 under
compression compared to 0.5 s−1 during extrusion1). Consequently, with the higher
1The average strain rate during extrusion determined using equation 4.2 on page 82
190 CHAPTER 6. RECRYSTALLISATION BEHAVIOUR
Figure 6.17: Comparison between the annealed recrystallised grain size following
compression and recrystallised grain size after extrusion. Note, the extruded rare
earth alloys are only partially recrystallised. Error bars show the 95% conﬁdence
interval.
strain rate the Zener-Hollomon parameter is higher and thus the post-deformation
recrystallised grain size is smaller [159].
In contrast to the binary alloys, the extruded grain sizes in the rare earth alloys
are smaller than compressed and annealed grain sizes. Given suﬃcient time the
grain size of the extruded rare earth alloys would probably have only grown to the
annealed grain size seen in compression, due to the driving force from the deformed
microstructure balanced against the Zener pinning force. Additionally, the recrys-
tallised grains in the extruded microstructure are a mixture of dynamic and post-
deformation recrystallised grains, while in the annealed sample the grains present
recrystallised after the deformation. This means that under the conditions used
in the current work the ﬁnal microstructure of the extruded rare earth alloys is
controlled by the recrystallisation rate.
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In the binary alloys, at the temperature used for the compression tests (400 °C) the
particles in Z5 dissolve into the matrix. Therefore, at this temperature both binary
alloys are particle free so except for diﬀerences in solute content the microstruc-
tures are the same. Since the recrystallisation rate, recrystallised grain size and
recrystallised fraction are the same for these alloys (t50 ∼ 0.6 s, 39μm and 100%,
respectively) it appears solute content does not aﬀect the recrystallisation behaviour
in the magnesium - zinc system.
Adding rare earth metals to magnesium - zinc alloys slows down the post-deformation
recrystallisation and is likely to also slow down the dynamic recrystallisation. This
causes large grains to remain in the extruded microstructures (Chapter 5). Since re-
covery and recrystallisation are competitive processes [35], the addition of rare earth
can be expected to slow down the recovery in the large retained deformed grains.
These eﬀects result in the high yield strengths and low ductilities seen for these
alloys in Chapter 4. Increasing the zinc concentration coarsens the particles and
increases the recrystallisation kinetics for post-deformation recrystallisation closer
to those of the binary alloys. Consequently, the mechanical properties of the higher
zinc rare earth alloys are also closer to those of the binary alloys.
6.4 Summary
The recrystallised grain size and recrystallisation rates for the alloys were compared
in this chapter. Common to all alloys, dynamic recrystallisation occurred during
compression and static recrystallisation occurred during subsequent annealing. As
in the previous chapters there are diﬀerences between the binary and rare earth
alloys. However, in this chapter there are also seen to be diﬀerences between the
rare earth alloys.
The general trends are,
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• Adding rare earth elements to magnesium - zinc alloys retards the recrystal-
lisation rate and reduces the fully annealed grain size.
• Raising the zinc concentration in the rare earth alloys increases the recrystal-
lisation rate.
• Retarding of dynamic recrystallisation in ZE21 results in retained unrecrys-
tallised grains in quenched samples and the highest steady state stress during
compression.
• The steady state stress scales with the rate of recrystallisation. The DRX and
annealed grain sizes also scale with the steady state stress.
Chapter 7
Summary and Signiﬁcance of Key
Findings
The current work has focussed on the strength and ductility of wrought magnesium -
zinc alloys with and without rare earth additions of gadolinium or yttrium. Links
have been drawn between (1) processing and microstructure, and (2) microstructure
and mechanical properties.
Adding rare earth elements to the Mg - Zn binary alloys slow down the recrystallisa-
tion rate with an associated reduction in the recrystallised fraction. These decreases
in recrystallisation rate and recrystallised fraction are associated with an increase
in ﬁbre texture strength and show that recrystallisation weakens texture.
The ﬁne particles in the microstructure of the rare earth alloys which are of a size
to inﬂuence recrystallisation were found to be present in the pre-extrusion heat-
treated billets. Recrystallisation was generally found to decrease as the Zener factor
associated with these particles increased. Increasing the zinc content of the Mg -
Zn -RE alloys might be expected to further retard recrystallisation. However, due
to particle coarsening and a possible lowering of rare earth elements in solution, the
recrystallisation rate increases again with additional zinc.
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There is also an increase in the extruded, dynamic and annealed recrystallised grain
size with increased recrystallisation rate. These changes combined with the removal
of the work hardened microstructure decrease the steady state stress in compression
as the recrystallisation rate increases.
The extrusion temperature was also changed to observe how this would inﬂuence
the microstructure. As the extrusion temperature was raised:
• No change was observed in the particles in the binary and Z2-based Mg - Zn -
RE alloys, but the particles coarsened in the Z5-based Mg - Zn -RE alloys.
• An increase was seen in the recrystallised volume fraction in the binary and
Z5-based Mg - Zn -RE alloys, but no change in recrystallisation occurred in
the Z2-based Mg - Zn -RE alloys.
• Recrystallised grain size increased. This increase was greatest in the binary
alloys and least in the Z2-based Mg - Zn -RE alloys.
In the current work, it was found that although grain size is a consideration for the
tensile yield strength it may not have a signiﬁcant eﬀect. With the addition of rare
earth metals the volume fraction of recrystallised grains became important. The
contribution to the strength from the unrecrystallised regions of the microstructure
was high, and this was attributed to texture strengthening from the strong ﬁbre
texture of these regions and possible solid solution strengthening from the rare earth
elements. Although the unrecrystallised regions were found to aid in strengthening
the alloys they also had the eﬀect of decreasing the ductility due to the large grain
size and retained work hardened microstructure.
The amount of rare earth solute could not be quantitatively determined in the alloys
investigated. Measurement of the matrix by EDS showed the presence of zinc but
not the rare earth elements. However, there is evidence from the microstructure
and the recrystallisation kinetics results that suggest the presence of rare earth
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in solution. Firstly, the addition of rare earth decreases the recrystallisation rate
suggesting the inﬂuence of solute drag. Secondly, the increase in particle volume
fraction and increase in recrystallisation rate with increasing zinc content implies
that rare earth solute is removed from the matrix.
Given the limitations of detection for EDS, the amount of rare earth in solution for
the Z2-based rare earth alloys could be as high as 0.2 at.%. In the Z5-based rare
earth alloys the rare earth solute content is expected to be lower.
Control of the pre-extruded microstructure is important. Both the initial grain sizes
and the particle sizes inﬂuence the recrystallisation behaviour. They also aﬀect the
post-extrusion mechanical properties. Large initial grains do not have suﬃcient time
to dynamically recrystallise and grow as they are deformed during extrusion because
the new grains predominantly nucleate at the grain boundaries. A uniform distri-
bution of ﬁne particles in the extrusion billet remain uniformly distributed through
the extrudate and promote homogeneous deformation, but large grain boundary
eutectic particles form stringers of coarse particles in the extrudate. The former
retards recrystallisation while the latter is detrimental to ductility.
Lowering the extrusion temperature to 200 °C and increasing the reduction ratio
raised the yield strength to a level comparable to those reported for Mg - Zn -RE
alloys in the literature. However, the thermal stability of these extrusions are not
known. Since these samples were extruded at a low temperature, processes such as
welding can be expected to have a dramatic aﬀect on the microstructure. Addition-
ally, these low extrusion temperatures require high extrusion loads which can make
extrusion impractical.
Comparing the combination of extrusion load and yield strength the leaner alloys are
better. Although, there is a drop in the ductility in the current work due to reduced
recrystallisation, there is an increase in the yield strength as the zinc concentration
decreases. The leaner alloys also have a lower peak extrusion load to yield strength
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ratio, making them easier to extrude while still remaining strong. It also provides
the possibility for extruding faster and increasing productivity.
Microstructure can be controlled through understanding the mechanisms aﬀecting
mircrostructural development due to the processing conditions and the alloying
elements used. To produce alloys with high yield strength and ductility the pro-
cessing and alloying needs to be optimised. In the current work, the best combin-
ation of strength and formability comes from leaner rare earth containing alloys
extruded at higher temperatures. Further work is needed to optimise the processing
of these lean alloys to produce a more uniform, ﬁne grained, microstructure in order
to improve the ductility while retaining the strength.
Appendix A
Glossary
Alloy: A material consisting of more than one element. The main component(s)
being from the metals category of the periodic table of elements.
Coherent precipitate: There is a relationship between the lattice structure of the
matrix and the precipitate resulting in strain ﬁelds in the matrix [26].
Continuous precipitation: The simultaneous precipitation of particles through-
out the solvent matrix [52]. Characteristics of these precipitates are orient-
ation relationships that are diﬀerent to discontinuous precipitates and with
more complicated morphologies.
Crystal lattice: See Lattice below.
Diﬀusion: The movement of atoms within a solid due to thermal excitation.
Dimer: Two solute atoms combining in the microstructure. One solute atom is
larger and the other smaller than the solvent atoms [134].
Discontinuous precipitation: Precipitation occuring along the grain boundary [71].
This process stops relatively early in the precipitation process.
Dislocations: A line of defects in the crystal structure which produces a localised
disturbance in the crystal lattice and separates the slipped regions from the
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unslipped [25].
Ductility: A measure of the amount of deformation that occurs in a material
without the material breaking [26]. Quantitatively this is described as the
% Elongation or % Reduction in Area.
EBSD: Electron back-scatter diﬀraction. A technique in electron microscopy for
determining grain orientation from the Kikuchi lines produced from the incid-
ent electron beam on the sample.
EDS: Energy dispersive spectroscopy. An electron microscopy technique for de-
termining the composition of a material from the characteristic x-rays pro-
duced by the incident electron beam acting on the sample.
Extrudate: The product from the extrusion process.
Gibbs-Thomson eﬀect: The relationship between surface curvature and chemical
potential. Increasing particle surface curvature lowers the solute content in the
adjacent matrix [55].
Habit plane: The plane in the matrix on which a plate of precipitate will form, and
results from interaction between the matrix and precipitate structures [52].
Icosahedral phase: Also known as I-phase, this is a structure characterised by
long range quasi-periodic translational order, and long range crystallographic-
ally forbidden orientation symmetry[160]. The composition of the I-phase in
magnesium alloys has been found to be Mg3Zn6RE1.
Incoherent (or noncoherent) precipitate: The lattice structure of these pre-
cipitate has no relationship to the lattice structure of the surrounding matrix
and therefore has little eﬀect on the mechanical properties[26].
Lattice: The repeating arrangement of atoms in space that make up a crystal or
grain in the metal[52].
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Laves phase: Intermediate phases that fall into one of three structures based on
the general formula AB2[52].
Liquidus line: The line in a phase diagram above which an alloy is completely
liquid [26].
Matrix: The continuous phase in an alloy [26].
Metal: A material consisting of only one metallic element from the periodic table
of elements.
MUD: (EBSD) Multiples of a uniform distribution. For a random distribution
of grain orientations in a material the frequency for all orientations occuring
relative to a deﬁned direction is unity. Where the grain orientation distribu-
tion is not random the frequency for some orientations relative to the deﬁned
direction will be multiples of unity.
Orientation relationship: The crystallographic relationship between the lattices
of two phases[52].
Orowan strengthening: Strengthening of an alloy due to the dispersion of ﬁne
particles through the matrix which impede the movement of dislocations [25].
Particle: A phase with a composition diﬀerent to the matrix and which is harder
than the matrix.
Quasicrystal: See Icosahedral phase above.
Recovery: A rearrangement of dislocations into cell structures in order to reduce
the energy of the lattice [35].
Recrystallisation: The rearrangement of atoms to form new strain free grains as
grain boundaries move through the matrix [35].
Slip direction: The direction in which two planes will move as they slide over one
another [25].
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Slip plane: The plane in the crystal lattice along which one plane will slide over
another [25].
Slip system: The system described by a slip plane and a slip direction [25].
Solute atom: Atoms of the minor elements of an alloy. These are the alloying
elements added to enhance the bulk properties of the main constituent of the
alloy[26].
Solvent atom: Atoms of the element of an alloy that are present in the greater
amount [26].
Texture: The preferential orientation of grains in a metal or alloy. Usually associ-
ated with deformation, but also found in casting (ie. columnar grains) [25].
Zener-Hollomon parameter: A parameter which allows comparison of proper-
ties of materials which have been deformed under diﬀerent combinations of
strain rate and temperature. By taking the inﬂuence of temperature on de-
formation into consideration this parameter provides a temperature modiﬁed
strain rate [25].
Zener pinning: Pinning of grain boundaries by particles. This inhibits grain
growth and leads to grain reﬁnement [35].
Appendix B
Calculated Mg - Zn Phase
Diagrams
The phase diagrams below for Mg - Zn are focussed on the magnesium rich end of
the diagram.
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Figure B.1: Magnesium - Zinc phase diagram (Generated using Thermo-Calc). The
label “HCP_A3+Mg51Zn20” was added after consulting the Mg - Zn phase diagram
in [10].
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Figure B.2: Magnesium - Zinc (Generated from JMatPro)
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Appendix C
Additional Microstructure Results
C.1 Macroscope Images of the As-Cast Alloys
(a) Z2 (b) Z5
Figure C.1: Mg - Zn alloys.
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(a) ZE21 (b) ZE51
Figure C.2: Mg - Zn -Gd alloys.
(a) ZW21 (b) ZW51
Figure C.3: Mg - Zn -Y alloys.
C.2. MACROSCOPE IMAGES OF HOMOGENISED SAMPLES 207
C.2 Macroscope Images of Homogenised Samples
(a) Z2 (b) Z5
Figure C.4: Mg - Zn alloys.
(a) ZE21 (b) ZE51
Figure C.5: Mg - Zn -Gd alloys.
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(a) ZW21 (b) ZW51
Figure C.6: Mg - Zn -Y alloys.
C.3. INVERSE POLE FIGURE MAPS FROM EBSD 209
C.3 Inverse Pole Figure Maps from EBSD
(a) Z2
(b) Z5
Figure C.7: Binary alloys.
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(a) ZE21
(b) ZE51
Figure C.8: Mg - Zn -Gd alloys.
C.3. INVERSE POLE FIGURE MAPS FROM EBSD 211
(a) ZW21
(b) ZW51
Figure C.9: Mg - Zn -Y alloys.
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C.3.1 Schmid Factor Frequencies
(a) Z2 (b) Z5
(c) ZE21 (d) ZE51
(e) ZW21 (f) ZW51
Figure C.10: Frequency of Schmid factors for loading parallel to the extrusion direc-
tion, corresponding to the Euler maps in Figures C.7 to C.9. Schmid factor binning
at intervals of 0.01.
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